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Abstract
This thesis investigates photonic spectroscopy and its use in astronomy.
In chapter two the theory associated with both astronomical spectroscopy
and photonic spectroscopy is shown. The convergence of the two in the field of
astrophotonics is discussed along with existing work in the field.
In chapter three models of the Integrated Photonic Spectrograph are created
and compared like-for-like with existing instruments. The results suggest that
the Integrated Photonic Spectrograph will be similar to existing instruments in
terms of size and will require more detector pixels for a full instrument.
In chapter four the modelling is extended, examining the areas where pho-
tonic spectroscopy could show advatanges over conventional instrumentation.
This is done by varying spectral resolution, telescope diameter, seeing and num-
ber of objects sampled. The results show that the Integrated Photonic Spec-
trograph will perform best when the telescope is close to the diffraction-limit,
both in terms of size and number of detector pixels required. Science cases are
presented for these areas.
In chapter five different concepts for a redesigned Integrated Photonic Spec-
trograph are presented and the advantages and disadvatanges of the variations
are commented upon. The two that are chosen for development require the
telescope Point Spread Function to be reformatted to a long slit.
This device, which we have named the photonic-dicer is presented in chapter
six. Its design, manufacture and testing is discussed both in the laboratory and
on sky in conjunction with the CANARY adaptive optics system.
Finally chapter seven presents our concluding remarks and discussions for
future work.
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Chapter 1
Introduction
1.1 Motivation
For a given set of parameters the size of a seeing limited astronomical spectro-
graph is related to the diameter of the telescope it sits behind [1]. As we enter
the era of the Extremely Large Telescope (ELT), difficulties in manufacture are
leading to spiralling costs and forcing instrument designers to look at alterna-
tives to conventional designs. At the same time the accuracies demanded of the
instruments are becoming more difficult to achieve.
One proposed alternative is the use of (photonic) technologies developed for
the telecommunications industry. These technologies can be used to modularise
the instruments through image slicing, potentially reducing costs and increasing
stability. This thesis will compare these technologies to existing instrumentation
and techniques and examine their use within astronomy, through both modelling
and experiment.
1
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1.1.1 Spectra and Spectroscopy
Whilst spectra have been know about for millennia and are a common occurrence
in everyday life, from the rainbow after the storm, to the multicoloured light
reflecting from a DVD, the analysis of them is relatively recent. The name
spectrum first appeared in 1666 when Newton allowed sunlight from a small
round hole to pass through a triangular prism. He observed that this white
light was split into its constituent colours, producing what Newton thought was
an infinity of colours. He published this result in his book [2], calling the colours
in the white light ’spectrum’, meaning window to the soul.
In 1800, William Herschell discovered different amounts of heat were pro-
duced when he used coloured filters to block white light. To test this further
he used thermometers to measure the temperature at different points in the
spectrum, including some outside the range of the visible light. He found that
the temperature rose in these thermometers as well when compared to control
thermometers in the room. This was the discovery of infra-red light, the first
example of light with a wavelength beyond the range of human vision.
The two experiments described above used refraction through a prism to
split the light. This provides a relatively low dispersion unless the prism is
large, so modern spectroscopy usually uses a diffraction grating to disperse the
light more widely.
Diffraction is a consequence of the wave nature of light and was discovered
shortly after Newton’s early work by James Gregory (the inventor of the Gre-
gorian telescope). He used natural objects such as bird feathers in place of a
prism. Their fine structure caused interference in the light. However, it was
another hundred years (1785) before the first man-made diffraction grating was
produced by David Rittenhouse. He strung hairs between two screws, creating
the same fine structure as bird feathers had.
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It was not until Joseph von Fraunhoffer’s invention of the spectroscope that
quantative spectroscopy was born. He used a wire diffraction grating, increasing
the spectral resolution of his spectroscope and allowing him to observe absorp-
tion lines of the solar spectra. These observations were the beginnings of solar
spectroscopy and paved the way for modern astronomical spectroscopy.
1.1.2 Astronomical spectroscopy
After studying the solar spectrum Fraunhoffer placed his spectrograph behind
a telescope and observed the Moon, Venus and Mars, along with Betelegeuse
and other bright stars. In particular he examined the spectra of several stars of
the same brightness. He found these spectra contained different absorption and
emission lines. For the first time this showed that not all stars were the same,
beginning the system of spectral classification.
Spectroscopy now occupies a major place in astronomy and is regularly used
to classify objects of all sizes within the universe. This is due to its ability to
identify temperatures, component elements, densities and the velocities at which
objects are moving. It has been key in many discoveries including the identifi-
cation of Helium (named after the Greek personification of the Sun, Helios) on
the Sun and the first planet around another Sun-like star.
Whilst spectroscopy is a mainstay of astronomy it is reaching its limit on
modern telescopes. As telescopes increase in size the image scale increases. As
a result the instruments behind them also have to increase in size. In addition,
these larger telescopes are far more costly to build, so fewer are built. This
results in a hard limit on the amount of time that can be spent observing and
so each instrument is required to observe more objects and to perform different
types of observations (sometimes simultaneously). Combined this means the
associated instruments become more complex, more difficult to design and more
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costly to build.
Instrument designers have several solutions to these problems. Firstly, flec-
ture in the telescope can be corrected by Active Optics and turbulence in the
atmosphere can be corrected by Adaptive Optics (AO). This sharpens up the
image produced by the telescope, reducing the size of the input to the spectro-
graph. Secondly, the input can be split up into many smaller sections (image
slicing). These sections can then be sent to many replicated instruments, each
of which is individually smaller than an unsliced instrument.
Despite these innovations, instruments are still becoming more complex and
the ones on the next generation of telescopes will cost many millions of Euros
to design and build. At the same time the current generation of telescopes
are facing an uncertain future. Whilst still useful in terms of the science they
produce, they are facing funding cuts to pay for the newer, larger telescopes.
As such any new instrumentation needs to be designed to be cheaper and easier
to replace, whilst still producing the same, or better science.
1.1.3 Photonics
In this thesis we shall use the term photonics to describe anything that has
been developed, or has branched from, developments for the telecommunications
world. This area has developed rapidly since the invention of the laser and fibre
optic cable fifty years ago. The combination of laser signals in fibres allowed
larger amounts of data to be transmitted than using copper cables, although
routing signals still had to be done electronically. In more recent years this
has been overcome by the invention of devices that can easily transfer signals
between the two systems. This is done either in the time or wavelength domain.
Wavelength has the advantage that no moving parts are required.
Since their inception, billions of dollars have been spent on research and
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development of telecommunications devices. This has lead to robust modular
devices that are easily integrated into the networks. They are also manufac-
tured in great numbers in order to satisfy the ever increasing demands upon the
telecoms world.
1.1.4 Astrophotonics
In the last ten years interest has been growing in using the small integrated
components developed for the telecommunications industry. These devices have
potential in many areas, with benefits including reduction of size and cost,
efficient OH suppression and low mode noise fibres being proposed. Devices
have been proposed in many different areas including spectrographs [3, 4, 5,
6]), interferometers, [7], wavelength filters [8, 9], chronographs [10] and spatial
reformatters [11, 12, 13]. In 2003 this new field was christened Astrophotonics.
Development of photonic dispersive spectrometers for astronomy was first
proposed in 1995 [14], though it was not until a decade later that the technology
was deemed to be useful to astronomy [15]. This paper investigated the use of
Phased Echelle Grating (PEG)s and AWGs for astronomical instruments and
concluded they had potential use in astronomy. Whilst the PEG was later
abandoned, the AWG went on to be tested.
The first devices were tested by groups in Australia on the Anglo-Australian
Telescope (AAT) [3, 5]. They were not full instruments in their own right, as
they used conventional instruments to produce complete spectra. This drove up
the size and reduced the efficiency. As such whilst they worked as demonstrators
it was not shown if they could compete with conventional instrumentation.
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1.2 Synopsis
This thesis aims to describe and characterise the place of photonic spectroscopy
within astronomy. This is done by comparing conventional and photonic spec-
troscopy. We begin by modelling both on a like-for-like basis using existing
examples of instrumentation. We then extrapolate our models to hypothetical
instruments and examine the science cases where a photonic spectrograph could
be used effectively. We look at various options for redesigning the photonic spec-
trograph so it is more suitable for astronomy. We conclude with two options that
we believe are most appropriate. Finally we describe designing, building and
testing a photonic-dicer. This takes the light from the telescope and reformats
it into a long slit and is essential to our redesigned photonic spectrograph.
Chaper 2 describes the theory behind spectroscopy, both from the point
of view of photonics and astronomy. It also describes the major current in-
strumental techniques in the astronomical community and examines photonic
instruments that have been developed as demonstrators. This chapter is mostly
based upon the work of others, though contains some original work.
Chapter 3 takes the initial attempts to make photonic spectrographs and
compares them with existing instrumentation. It looks at areas where these
devices could compete with conventional instrumentation. It is largely drawn
from [16].
Chapter 4 takes the results from the previous chapter and extrapolates them
to conceptual instrumentation. It look at areas where photonic devices could
show advatanges over conventional instrumentation. It then looks at the science
cases that would be benefited by photonic instruments, comparing it to similar
studies in the astronomical world. It is drawn from the work in [17] and in a
summer school poster created for the Astrophotonic summer school in Potsdam
2012.
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Chapter 5 takes the results from the previous chapters and looks at how
the IPS could be redesigned to better suit astronomical needs. This includes
concepts proposed by other groups and examines the relative strengths and
weaknesses of the concepts. It then identifies two potential concepts we be-
lieve are most appropriate to the astronomical community and identifies the
components that would be required to make them work. It is based on [18].
Chapter 6 draws on the results of the previous chapters. It describes the
design, manufacture and testing of a photonic-dicer chip. This chip reformats
the input from a telescope into a long slit. It was designed and built at Heriot-
Watt university and was taken to the William Herschel Telescope (WHT) in
2013 to be used on the CANARY Adaptive Optics system. The contents of this
chapter are drawn from and expansions of [19].
Finally Chapter 7 concludes by summarising the results from the previous
chapters and identifies further work that could be undertaken in the area of
photonic spectroscopy.
Chapter 2
Spectroscopy Theory
2.1 Introduction
In this chapter we shall introduce the theory of spectroscopy in two differing
areas. Photonics, which here refers to instruments and practises developed for
the telecommunications industry, as well as astronomical spectroscopy. We shall
then deal with their convergence in the field of astrophotonics.
We shall concentrate on instruments that use a dispersive element such as
a prism or a diffraction grating to examine light at different wavelengths, con-
centrating on those that use interference rather than refraction to achieve their
goals. Whilst there are other types of spectroscopic instrument within astron-
omy, these are less common and are outside the scope of this thesis. For further
information on such instruments see [20].
We will discuss the differing types of dispersive instruments in modern spec-
troscopy and the problems associated with them, particularly with respect to
instruments on larger telescopes. We shall then discuss spectroscopy in the
world of photonics, paying particular attention to the rising use of the AWG.
8
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We close by discussing the possibility of combining the two different areas and
the potential obstacles that need to be overcome if this is to provide useful
benefits within astronomy.
2.2 Astronomical Spectroscopy
Spectroscopy has been a mainstay of modern astronomical observations for many
years. It allows examination of many types of objects on all physical scales, from
detection and studies of small objects such as exoplanets right up to measuring
properties of the oldest galaxies on the largest cosmological scales.
By separating the light into its constituent wavelengths and looking at the
relative fluxes and positions of spectral lines, properties such as temperature,
relative velocity and distance and elemental composition can be inferred.
This is spectroscopy’s strength, and whilst the results are less attractive than
imaging, it can give us a lot more information about the physics of our universe.
Armed with this astronomers can infer the laws that govern the smallest to
largest scales.
2.2.1 Conventional Spectrograph Theory
Even though modern spectrographs are hugely complex instruments their op-
eration can be explained by a basic model. This model consists of a slit, which
isolates the spatial area to be dispersed, a collimating optic which collimates
the light from the slit, a dispersive element such as a grating or prism, a camera
optic which refocuses the light from the collimator and then a detector to collect
the light. For an illustration of this see figure 2.1. This section and the following
one on Free Spectral Range (FSR) are heavily influenced by [21], [22] and [1].
We begin with the standard grating equation (e.g. [21]), which describes
how collimated light incident on the diffraction grating behaves. This equation
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Figure 2.1: A simplified diagram of a conventional dispersive spec-
trograph setup. This consists of the following numbered compo-
nents. 1) The input telescope optics (here a single lens). 2) A
slit to isolate the area to be dispersed. 3) A collimating lens to
collimate the light from the telescope. 4) A diffraction grating to
disperse the light. 5) A camera lens to reimage the light from the
telescope onto the detector. 6) A detector, to collect the light. The
lenses at 3) and 5) are commonly replaced with mirrors to reduce
chromatic aberrations.
is
mρλc = (sinα+ sinβ)n. (2.1)
Here m is the diffraction order, ρ is the grating ruling density (which is
usually given in mm−1), λc is the central wavelength of operation, α the angle
of incidence on the grating, β the angle away from the grating and n is the
refractive index of the medium. For most spectrographs the medium is air so
n ≈ 1. Also note the sign is positive for a reflective grating and negative for a
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transmissive grating.
In order to obtain the angular dispersion due to the grating we differentiate
with respect to β, yielding
dλ
dβ
=
cosβ
mρ
. (2.2)
We note that f2dβ = dx, where f2 is the focal length of the camera and
dx is the physical displacement in the spectral direction. Combining this with
equation 2.2 we can calculate the linear dispersion at the detector
dλ
dx
=
dλ
dβ
dβ
dx
=
cosβ
mρf2
. (2.3)
This is useful for calculating the spatial separation of different wavelengths,
though we also wish to know the smallest difference in wavelength that can
be resolved. This is called the spectral resolving power and is defined as R =
λ/δλ. To begin we consider a spectrograph with an infintiessimally narrow slit.
Whilst the slit itself is infinitesimally narrow the output line will not be, due
to instrumental broadening [21]. Due to this effect the angular half width (the
distance between the maxima and first minima) of the line will be
∆β =
λ
W cosβ
. (2.4)
where W is the intersection of the collimated beam and the grating. Rear-
ranging and combining equations 2.2 and 2.4 we can now calculate the spectral
resolving power using the Rayleigh criterion. This theoretical maximum is then
given by
R∗ =
λ
dλ
=
dβ
dλ
λ
∆β
= mρW. (2.5)
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As stated above this is only true for an infinitesimally small slit. Often,
astronomical spectrographs do not fall into this category due to turbulence in
the atmosphere blurring out the source. This is known as the seeing limited
regime. In order to allow a significant amount of light to enter the spectrograph
we need to increase the width of our entrance slit. In doing so we trade-off
increased throughput with decreased spectral resolution. To calculate this factor
we need to consider the width of the image of slit within the system, projected
onto the detector. We use conversation of etendue, which holds for conventional
optics with no aberrations. This can be for optics such as lenses and mirrors,
or idealised fibres. This can be stated as
nΩA = constant. (2.6)
D1
f1
θ1 D2
f2
s1
s2
θ2
Figure 2.2: Diagram illustrating conservation of etendue in one
dimension. Here the focal length of the camera f2 is greater than
that of the collimator f1. The diameter of both beams are the same
(D1 = D2).Thus the image of the slit s2 must be greater in size
than s1.
Where Ω is the solid angle of radiation incident on the surface area A. For
our system we only consider one dimension so we can state s1θ1 = s2θ2 where
θi = Di/f1 and Fi = fi/Di for i= 1,2 (see figure 2.2). This yields
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s2 = s1
θ1
θ2
= s1
F2
F1
. (2.7)
We now know the width of our slit at the detector. In order to spectrally
resolve two wavelengths they will have to be separated by this distance. We can
now express this as the spectral resolution; to do this we express width of the
slit in wavelength units.
δλ =
(
dλ
dx
)
s2 =
cosβ
mρf2
s1
F2
F1
=
s1D1 cosβ
mρD2f1
(2.8)
From figure 2.1 we can see that W = D2/ cosβ, meaning δλ = s1/mρF1W .
We can then express the resolving power as
R =
λ
δλ
=
mρλF1W
s1
. (2.9)
For astronomy we want to relate this to the angular slit width (χ) as pro-
jected on the sky and the telescope aperture (DT). For this it can be noted
that
s1 = χfT (2.10)
and if the spectrograph is fed directly from the telescope (e.g. conservation
of etendue holds)
fT
DT
=
f1
D1
= FT = F1. (2.11)
We can then express the resolving power as
R =
mρλW
χDT
. (2.12)
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You can see that contained within the nominator is the spectral resolv-
ing power for an ideal spectrograph. Thus if χDT = λ we can say we are
diffraction-limited and if χDT > λ we shall obtain a resolving power lower than
the theoretical maximum.
In practise this happens frequently on larger astronomical telescopes due
to turbulence in the atmosphere. From equation 2.12, if χ stays constant the
spectral resolving power drops inversely with the diameter of the telescope. This
means that to maintain the same throughput (e.g. the same angular slit width)
the collimated beam and diffraction grating must become larger.
Manufacturing such large gratings is difficult with resulting wavefront (e.g.
diffuse stray light caused by micro roughness) and ruling error (e.g. ghost lines)
limiting the final spectral resolution (e.g. [23, 24, 25] and references therein).
In addition exotic materials are required to minimise flexure, driving up costs.
Free Spectral Range
Another important consideration for instruments with a diffraction grating is
the FSR of the system. The FSR is defined by the point where two wavelengths
in different spectral orders occupy the same physical position at the detector (see
figure 2.3). As most detectors (e.g. Charge-Coupled Device (CCD)s [26, 27] and
Indium Gallium Arsenide (InGaAs) [28] cameras) cannot measure wavelength
any spectral overlap will produce errors in the output measurement. There are
four main alternatives
• Use dispersion instead of multi-beam interference (e.g. a prism instead of
a diffraction grating) as these do not suffer overlapping spectral orders.
• A subset of detectors (e.g Microwave Kinetic Inductance Detectors [29],
Superconducting Tunnel Junctions [30] and Transition Edge Sensors [31])
allow energy resolution, which would mean this overlap is not a problem.
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Whilst this could be a revolution for astronomical instrumentation, these
devices are currently in the early stages of development and are only just
beginning to be used in near-infrared astronomy [32].
• The system can be cross dispersed. This will be discussed in section 2.2.2.
• Use a filter to block portions of the light. This has the disadvatange that
light is lost from the instrument, although it is a relatively cheap solution.
m=0
m=1
m=2 m=3
m=-1
Figure 2.3: Illustration of Free Spectral Range. The top illustrates
how a spectrum would appear in a conventional spectrograph with
no blocking filters. You can see that m=2 and m=3 overlap for this
spectral range, thus if being observed would not be able to resolve
some of the wavelengths. The middle shows the different orders
separated in order to illustrate free spectral range. The bottom
shows a simplified echelle spectrograph. Here the orders are cross
dispersed using another dispersive element. This allows a much
greater Free Spectral Range.
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For the final two solutions we still need to know how to calculate the FSR.
To do this we re-arrange equation 2.1 for the two overlapping wavelengths, λ at
spectral order m and λ + ∆λ at spectral order m. Noting that they lie at the
same position equation 2.1 becomes
1
ρ
(sinα+ sinβ) = (m+ 1)λ = m (λ+ ∆λ) . (2.13)
Rearranging for ∆λ gives the FSR
∆λFSR =
λ
m
. (2.14)
From equation 2.14 we can see as the spectral order increases the FSR de-
creases. This is the inverse of the equation for resolution which increases as the
spectral order is increased. Hence we have another tradeoff, spectral resolution
and FSR.
2.2.2 Differing inputs for dispersive spectroscopy
So far we have discussed a simplified spectrograph, with the telescope focussed
into a long slit, which feeds the spectrograph. We have already discussed the
limits of these spectrographs in terms of size, spectral resolution and FSR, but
they are also limited in the number of objects they can observe simultaneously.
The intuitive way to solve this problem of spectral resolution is to try to
increase the ruling density (the number of rulings per mm on the grating) or
simply expand the collimated beam onto a larger grating. These are expensive
options however; high ruling density gratings (greater than around 1000 lines
per mm) and large gratings (bigger than 300mm) are difficult to produce, prone
to flexure and easily broken.
A common solution to keep component sizes and instrument complexity
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manageable is to cross disperse the spectra. This involves using a grating in
a high spectral order in order to obtain the high spectral resolution, although
with limited FSR. A second disperser (commonly a prism) is then employed
perpendicular to the original in order to cross-disperse the output, sorting the
different spectral orders (see figure 2.14).
These spectrographs do not however, solve the problem of limiting numbers
of objects and you can usually only observe a single object at a time (as they
still require a slit). They also restrict your ability to observe extended objects
efficiently (to do so requires taking many observations, moving the slit accurately
across the object). Since telescope time is limited, ways of increasing the number
of observable objects is an active area of research.
Alternatives have been developed and these can be loosely classed into
Multi Object Spectrograph (MOS) and Integral Field Spectrscopy (IFS). A
MOS allow observations of multiple objects in the field of view [33] whist IFS
allows small patches of sky to be spatially resolved by an Integral Field Unit
(IFU) (e.g. for observation of extended or spatially adjacent objects) [34]. To
further increase the number and type of object that can be observed there is
a combination of the two (using multiple IFUs) which is called Diverse Field
Spectroscopy (DFS) [35].
MOS has been around for longer than IFS. Early examples include slitless
spectroscopy, which removes the slit from the spectrograph, allowing the objects
to be dispersed using a prism onto a photographic plate or CCD (e.g. [36]). This
has the advantage that multiple objects can now be observed, but suffers from
problems with crowded fields and extended objects due to overlapping spectra.
This means the technique is still in use today, though is less common. Multi
slit spectroscopy can solve the problems of slitless spectroscopy, using a cut
mask with many smaller slits (e.g. IRIS 2 [37] and VIMOS [38]) This removes
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the unwanted stars, although requires accurate manufacture. Modern systems
normally now rely on reconfigurable fibre optics, which allowing much greater
versatility, allowing easy placement in crowded fields and rearrangement of the
fibres to stop resulting spectral overlap on the detector (e.g. AAOmega [39] and
FMOS [40]). This technique also allows the light to be brought to a spectrograph
on a stable platform further from the telescope. Whilst this introduces extra
optics (such as the addition of a de-rotator on the Naysmyth focus), it means the
instrument can remain fixed with respect to the gravity field, increasing stability
[41]. Such instruments are now allowing huge surveys on smaller research grade
telescopes (e.g. BOSS [42]).
IFS is a more recent development, although it has rapidly expanded to be-
come a mainstay within astronomy. It is achieved through four main methods:
image slicers (e.g. GMOS [43] and NIFS [44]), lenslet arrays (e.g. SAURON
[45]), fibre slicers (e.g. [46]) and microslicers (e.g. [47]), these are shown and de-
scribed in figure 2.4. It must be noted that although these all use novel inputs,
the spectrograph behind is very similar to the long slit analogue.
DFS is also a rapidly expanding field, with instruments such as KMOS [48]
paving the way for instruments planned for the next generation of ELTs (e.g.
IRIS [49].)
Image slicing can also be used to improve the spectral resolution of a spec-
trograph (by reducing the width of the slit) (e.g. CYCLOPS [50] and [51]) and
using the technologies developed for MOS and IFS allows the output from the
telescope to be split into multiple replicated spectrographs (e.g. VIRUS [52]).
2.3 Spectroscopy in the photonic world
Ground-based, seeing-limited astronomical instruments increase in size, com-
plexity and cost as telescopes become larger. At the same time instruments
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Figure 2.4: The different types of IFU reproduced with permission
from Jeremy Allington-Smith. The first type uses a lenslet array
placed at the telescope focal plane. This then focusses the light and
is dispersed onto a detector; care must be taken to avoid spectra
overlapping. The second uses a fibre to sample the telescope focal
plane, this is then fed to a conventional slit spectrograph. Image
slicers use mirrors to slice and reformat the image, which again
is fed to a spectrograph. Micro-slicers are arranged similarly to
image slicers whilst having multiple shorter slits. All four methods
produce a datacube of axes x,y and λ
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developed for the telecommunications industry are getting smaller with the aim
of becoming mass producible and robust. As with the previous section we shall
concentrate on those instruments that are dispersive, in particular the AWG.
2.3.1 The Arrayed Waveguide Gratings in photonics
Recent years have seen a huge growth in the amount of traffic in the telecom-
munications network. In order to allow for this expansion optical technologies
have been used to replace slower electronic components. Most noticeable is the
adoption of fibre optic cables transporting data over long distances, but there
has also been development in the use of optical switches to allow multiple sig-
nals (multiplex) to be input into these fibres. These signals can be multiplexed
in the time domain, although this is dependent upon electronic components, so
is limited by the speed of these components. They can also be multiplexed in
the wavelength domain, allowing multiple signals to be separated by wavelength
selective components, allowing a greater increase in speed. Here we describe the
AWG, a commonly used wavelength multiplexing device.
The AWG is a planar device, with a guiding core layer surrounded by two
cladding layers. The input to the AWG consists of a single mode waveguide,
which accepts light from a single mode fibre. The light from this waveguide
then enters a Free Propagation Zone (FPZ), which allows the light from the
fibre to propagate freely. A set of single mode Arrayed Waveguides (AW)s then
accepts the light. Each subsequent waveguide has a length increase relative
to its neighbour. This adds a phase delay between the waveguides in a similar
manner to tilting a diffraction grating. A second FPZ then allows the light from
the AW to interfere, resulting in a spectrum. This is then separated by output
fibres placed at the output of the FPZ. For an illustration see figure 2.5.
Although material composition varies between device, the devices themselves
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Figure 2.5: A simple diagram of an Arrayed Waveguide Grating
reproduced from [55]. 1) The input fibre. 2) The first Free Prop-
agation Zone showing the wavefronts of the light. 3) The Arrayed
Waveguides, note the incremental length increase which causes the
phase shift between adjacent guides. 4) The second Free Progaga-
tion Zone, showing the interference of light. 5) The output waveg-
uides with different wavelengths.
are usually of silicon or silica construction (e.g. [53], pg 418). First a cladding
layer is deposited upon a substrate, usually by flame hydrolysis deposition or
photolithography [53]. The core layer (which has a higher refractive index)
is then deposited onto this and the chip consolidated by heating to a high
temperature. Reactive ion etching is then used to remove unwanted areas of
the core to leave the AWG pattern [53]. A further layer of cladding is then
deposited and the whole chip consoliated. The chip is tested and if errors are
discovered in the positioning of the output wavelengths with respect to the
desired wavelengths this can be corrected by modifying the core index in the
AW channels (e.g. by using a carbon-dioxide laser [54]).
2.3.2 Modelling the AWG
There are various methods for modelling the AWG (see [53] for more details).
Here we examine two models which concentrate on light propagation in the FPZ
of the AWG. The first is based on Fresnel propagation, which is computationally
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Figure 2.6: Diagram of the planes in transfer equation. For our
purposes the input plane is ξ, η, τ and the output plane x, y, z. By
allowing τ and z to vary with ξ, η, or x and y differing geometries
can be produced (not just flat planes illustrated). Modified from
an illustration in [56].
intensive, but allows modelling of arbitrary FPZ geometry and is accurate over
small scales. The second assumes the FPZ is a perfect lens, allowing Fourier
transforms to be used, greatly decreasing the time taken for the modelling. Note
that both models assume the material is homogenous, with no surface roughness
or birefringence. It also assumes the devices are manufactured to specification,
with no defects.
Fresnel Model
In our model we will utilise equations for Fresnel light propagation in one di-
mension. This is based upon that developed in [57].
We use the approximation for Fresnel diffraction using the Helmotlz equation
(e.g. [56] pg. 58) to obtain the electric field at our propagated plane. This is
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Ψ(x, y) = − i
2λ
∫ ∫
Ψ(ξ, η) cos θp
eikr
r
dξdη. (2.15)
Where k is the wavenumber, defined as k = 2pin/λ, Ψ is the field at the
input and propagated planes, r is the distance between two points in the initial
and propagated plane (see figure 2.6), we define
cos θp =
z − τ
r
=
(z − τ)√
(x− ξ)2 + (y − η)2 + (z − τ)2 . (2.16)
Substituting this back into 2.15 in leaves
Ψ(x, y) = − i
2λ
∫ ∫
Ψ(ξ, η)(z − τ)e
ikr
r2
dξdη. (2.17)
As we only require one dimension for our planar device we set y=0, this
yields the one dimensional Fresnel transfer function, which is what we require
for our planar AWG. This is
Ψ(x) = − i
2λ
∫
Ψ(ξ)(z − τ)e
ikr
r2
dξ. (2.18)
This method is highly accurate, as it allows the user to specify the geometry
for each end of the FPZ of the AWG, though it is a very slow and computation-
ally expensive method. A much less computationally intensive method version
assumes that the FPZ is an analogue of a perfect lens. This however does not
account for any errors in the design or manufacture and care must also be taken
to ensure that the Fourier approximations hold. It also does not allow the mod-
elling of other variables, such as multiple inputs to the AWG, which has been
used in one of the IPS demonstrators [5]. This model was developed by [58] and
an adapted version that allows for our purposes is detailed below.
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Modified Munoz model
Firstly we relax the free geometry in equation 2.18 and consider light focussed
from a perfect lens (see equation 5-16, pg 105, [59]). As we are working in the
paraxial regime and assuming a paraxial lens (e.g. no aberrations), we can write
the transform as
Ψ (u) =
1√
αν
F {Ψ (ξ)}
∣∣∣∣
u=x/αν
. (2.19)
Here we evaluate the Fourier transform (F) at the frequency u = x/αν . Note
this means our spatial scaling will differ between the two planes and any code
using the FFT routine will be required to interpolate results of this to allow the
same spatial scaling. In equation 2.19 αν is defined as
αν =
cLF
nsν
=
λLf
ns
. (2.20)
Where c is the speed of light, LF is the length of the FPZ, ns the refractive
index of the cladding, ν the frequency of light. This approximation holds for
the Fraunhoffer diffraction. This means the FPZ needs to fulfil (equation 4-24,
pg 74 , [59] )
LF  piW
2
x
λ
. (2.21)
WhereWx is the width of the input waveguide (equivalent to s1, the input slit
width in our conventional spectrograph). Note that αν is wavelength dependent
for multiple orders.
Model input
With a transfer function complete we can model the FPZ regions of the AWG.
The first input plane of the AWG is dependent on the type of input used. In
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telecoms this is usually a Single Mode (SM) fibre so can be approximated as a
gaussian (or a cosine in the core with an exponential drop off in the cladding).
Astronomical applications will most likely require a different input, though this
is not explored here.
The Arrayed Waveguides
We have dealt with how the light is propagated in the FPZ, either by equation
2.18 or 2.19. We must now deal with the AW section of the AWG. To do this
the overlap integral must be calculated between the result of equation 2.18 and
the electric field of the AW.
a =
∫ ∞
−∞
Ψ (x)ψ (x) dx (2.22)
where ψ is the AW electric field of the arrayed waveguides. The electric field
for an individual SM waveguide is usually approximated as a gaussian [58]
ψs(x) =
4
√
2
piw2i
e−(x/wi)2 (2.23)
where
wi = Wi
(
0.321 + 2.1V −3/2 + 4V −6
)
. (2.24)
Here Wi is the waveguide diameter (and hence S in equation 2.32 is Wi).
Thus for a set of waveguides spaced uniformly by dw we can make use of equation
2.23 to write the field distribution as
ψ(x) =
Nwg∑
j=1
ψs
(
x+ (j − 1)dw − (Nwg − 1)
2
dw
)
(2.25)
where Nwg is the total number of waveguides.
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However to calculate the field at the other end of the AWs we need to add
the phase difference between them. To do this we take the length of AW j,
which can be given by
lj = l0 + ∆l
(
j +
Nwg
2
)
. (2.26)
Where l0 is the length of the shortest waveguide, which corresponds to j =
-N/2. The value of ∆l is set to an integer multiple of m of the design wavelength
in the waveguides
∆l =
mλ
nc
=
mc
ncν
. (2.27)
The value of ∆l ensures that the central output wavelength (COW) is fo-
cussed on the centre of the second FPZ. The phase change corresponding to
this length increment is
βp∆l = 2pim
ν
ν0
(2.28)
βp is the propagation constant in the waveguides. This means corresponding
phase shift in waveguide j is
∆φj = βplj = 2pi
nc
c
νlj (2.29)
This can then be introduced to 2.25 as a phase term, so this becomes
ψ(x) =
Nwg∑
j=1
ψs
(
x+ (j − 1)dw − (Nwg − 1)
2
dw
)
e−(i∆φj) (2.30)
Model summary
We now have all the tools to simulate the whole device. An input field can be
calculated either as an approximation of a single mode (see equation 2.23) or an
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arbitrary field. This is then propagated to the AW section using either equation
2.18 or 2.19. The overlap integral (equation 2.22) is calculated between the field
at the beginning of the AW section and the phase difference between adjacent
waveguides added (see equation 2.30). This is then propagated to the output of
the AWG using equation 2.18 or 2.19.
Examples of modelling
Whilst not detailed within this thesis it is useful to briefly compare the results
of the two models in order to ascertain where they are useful. As stated before,
the Munoz model assumes each FPZ is a perfect lens. As no lens is perfect
moving the input or output off axis means the results are less accurate using
this model. In figure 2.8 (a) we show a large scale system with the central and
two neighbouring orders visible on either side. Both models shown use identical
input parameters and show near identical results on large scales. Where the
models differ is shown in figure 2.8 (b). This displays the order adjacent to the
central one. Here the position and shape of the output is different for the two
models. This shows for low resolution (or single spectral order) quick modelling
the Munoz model is perfectly adequate. For higher resolution, or modelling of
other effects, a more detailed simulation is required.
2.3.3 Waveguide Modes
There are several issues with trying to combine the designs of the AWG with
the requirements of astronomy. In principle some are easy to solve (though the
reality maybe be more complex). For example the replacement of the input
waveguides with a single mode fibre (which acts as an entrance aperture) and
the removal of the output waveguides, which allow the digital outputs that are
used in telecoms to be adapted to the analogue spectra that are sampled from
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Figure 2.7: An example of AWG modelling. Top left is square
root of the intensity in the first FPZ, top right the intensity at the
input to the AWs. Bottom left is square root of the intensity in
the second FPZ, bottom right the intensity at the detector. This
is simulated using the Fresnel code. The red line in the two left
hand images is the geometry of the FPZ. Figure for illustration
purposes.
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Figure 2.8: Comparing the results of the Munoz and Fresnel Mod-
els at the detector. Both models assume a Rowland circle arrange-
ment. Here the Munoz model is shown in blue, with the Fresnel
model shown in green a) Full output at the detector, with the cen-
tral and two neighbouring orders visible on either side. As stated
in the main text the results are almost indistinguishable. b) The
first neighbouring order to the central one. As you move off axis
the results from the Munoz simulation are less accurate than the
Fresnel one, due to the assumption of a perfect lens.
astronomical objects.
Others however are more fundamental, such as the mismatch between the
output of the telescope and the input of the AWG. We mentioned earlier that
the AWG is designed for the SM input of a telecoms fibre and stated that this
is well matched to a diffraction-limited source [60]. The output from a ground
based telescope is generally seeing limited and and can be thought of as multi-
moded. The number of modes is dependent on many factors which will be
discussed within this thesis. We defined the diffraction-limit in section 2.2.1
and now define it in terms of the modes within waveguides.
Modes can be thought of as a consequence of two properties of light within
a waveguide. The first property is associated with the ray model. Light can
enter the waveguide at any accepted angle that is less than the critical angle
allowed for total internal reflection. The light with the fastest travel time will
be the meridional ray, which is co planar with the optical axis. Rays that enter
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at other angles will take longer to travel the length of the fibre, leading to a
different propagation constant, which we will return to later [21].
The second property is a consequence of the wave nature of light. For light to
constructively interfere there needs to be a phase shift multiple of pi/2 radians,
or 90°. This means that the light exiting the fibre will be quantised and is called
the modes of the fibre. For circular and square fibres (which we shall be dealing
with here) these can be defined as Transverse Electrical (TE) and Transverse
Magnetic (TM) modes. These have no electric (TE) and magnetic (TM) fields
in the direction of propagation.
In both cases the mode number is defined by two suffix numbers for the
mode type. For circular waveguides this is TEPL and TMPL, where the modes
are circular symmetric and L is the number of half-wavelengths along the half-
circumference, P is the number of half-wavelengths along the radius. Examples
of these modes are show in figure 2.9. For square waveguides TEMN and TMMN
M is the number of half-wavelengths along the width of the waveguide, N is
the number of half-wavelengths along the height of the waveguide. Examples of
these modes are shown in figure 2.10
The number of modes in a fibre depends upon many factors (the shape,
composition, size) and has been extensively studied (e.g. [61, 62]). Here we
only use the approximation for the number of modes within a circular and
square step index fibre. To do this we define the V parameter, which is
V =
2pi
λ
SΘ =
2pi
S
√
n2c − n2s . (2.31)
Where S is the radius of the fibre, Θ is the numerical aperture, nc is the
refractive index of the core and ns the refractive index of the cladding. This will
be used in many forms throughout the thesis. From this the number of modes
(not including polarisation) can be approximated as
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Figure 2.9: The TMPL modes in a circular optical fibre. The
numbers in the images are PL. P is the number of half-wavelengths
along the radius, L is the number of half-wavelengths along the
half-circumference. The TE modes are the same, with the image
rotated by 90°.
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Figure 2.10: The TMMN modes in a square optical fibre. The
numbers in the images are MN . M is the number of half-
wavelengths along the width of the waveguide, N is the number
of half-wavelengths along the height of the waveguide. The TE
modes are the same, with the image rotated by 90°.
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M =
V 2
4
(2.32)
for a circular fibre (e.g. [61]). Or
Msq =
(
2V
pi
)2
(2.33)
for a square one [21].
2.4 Astrophotonics
We now discuss how photonic devices, such as the AWG can be used in astro-
nomical instrumentation.
2.4.1 Coupling modes
In the previous sections we talked about how the spectral resolving power de-
creased as slit width increases. This also happens in the photonic world, though
here instead of reducing the spectral resolving power we increase the number
of modes and the number of AWGs required to adequately sample them. This
drives up the size of the instrument, in a similar way to increasing the size of
the collimated beam in a conventional spectrograph (even here there is no such
thing as a free lunch).
To show this we define the resolution of an AWG as
RAWG =
mNwg
C
. (2.34)
where C is a factor to account for manufacturing errors [63]. This has no
dependence on telescope diameter so it would appear to break the relation. It
must be noted though that this applies to a device operated at the diffraction
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limit of the telescope, not at the seeing limit as with Equation 2.12.
We take the V parameter, defined in equation 2.31 and note that
Θ ≈ 1
2FT
(2.35)
s1 = χfT = χFTDT (2.36)
where FT the telescope focal ratio and fT is the telescope focal length, the
number of modes is given by
M =
(
piχDT
4λ
)2
. (2.37)
Therefore it can be seen that for each sampling element the number of modes
increases as the square of the telescope diameter in a similar way to the number
of slices at the diffraction limit (χDT/1.22λ)
2. This confirms that, to first order,
photonic spectrographs are bound by the same scaling laws as conventional
spectrographs [17].
This approximation can also be made for a square fibre, by taking the number
of spatial modes for a one dimensional waveguide [21] and then squaring, from
equation 2.33. This yields the number of spatial modes (again not including
polarisation) in a square fibre as
Msq ≈
(
χDT
λ
)2
. (2.38)
Note that the ratio between equations 2.37 and 2.38 is the ratio of the area
of a circle to that of a square.
2.4.2 The photonic lantern
As shown in section 2.4.1 the number of spatial modes required to sample a Point
Spread Function (PSF) increases with D2T when the telescope input is seeing
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limited (see the section 2.4.1 for further details). This means that a typical 4m
telescope might require tens of modes at the seeing limit in the H band and a
40m telescope would require thousands for each spatial element in the near-IR.
Correcting these modes using AO, or increasing the wavelength would reduce
these numbers to more manageable levels. However, placing single mode fibres
to sample all of these at the telescope focal plane would be exceedingly difficult
and the fraction of area of collected light (fill factor) would be low, leading to
light loss. We need a device to take the multimode light from a telescope and
input it into an AWG (or alternatively reformat it into a diffraction-limited slit).
This device is called the photonic lantern. The first one was manufactured in
2005 and was composed of SM fibres [64]. These were heated and drawn down
to a single Multi Mode (MM) fibre using a capillary. This process is difficult
though and alternative methods for the manufacture of fibre lanterns have also
been proposed and demonstrated [65].
An alternative method for fabricating the photonic lantern has also been
trialled using Ultrafast Laser Inscription (ULI) [66]. This uses an ultrafast
pulsed laser to modify the refractive index of sections of a block of glass creating
waveguides. By bringing these waveguides together the lantern can be made.
The first device was created by [67], this was a 16 mode square array. Our ULI
lantern will be described in Chapter 6.
2.4.3 Arrayed Waveguide Gratings in Astronomy
The use of photonic mux and demux devices in astronomy was first proposed
by [14, 68], though the investigation suggested that at their current level of
development they were not sufficiently advanced to be of use in astronomy. In
2006, [15] re-examined the idea of using photonic components in astronomy,
this time with a far more positive outlook with regards to the use of photonic
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components within astronomy.
The first practical work was undertaken by [3] in 2009. Initial tests were done
using modified commercially-developed AWG. This had its output waveguides
removed by polishing the surface back to the FPZ, the input fibre was retained
and the device was packaged (similar to that shown in figure 2.11). It was then
characterised in the lab where it showed transmission up to around 60%,(note
this is with a laser input source, not the night sky). It was then taken to
the Australian Astronomical Observatory (AAO) at Siding Springs, Australia.
Here the output surface was re-imaged onto the IRIS 2 spectrograph [37] and
the input fibre was placed so as to observe the night sky. As the device was
not coupled to a telescope this showed that an AWG could be used to observe
the night sky, though it did not show this technique could be used to efficiently
observe astronomical objects.
Figure 2.11: The single input design. A PL (not shown) reformats
light from the telescope into single modes. Each single mode fibre
feeds a conventional AWG which then disperses the light onto a
detector. This detector can be linear if placed at the end of the
AWG, or part of a 2D array if the output is re-imaged (not shown,
but used in the experiments).
In order to make the concept viable for astronomy the device was redesigned
and a new version was developed [69]. The SM fibre input was removed along
with the input taper on the chip in order to increase the spectral resolution
of the device. As with the previous device it also had the output waveguides
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removed. It was tested in the lab, with spectral resolving powers up to 7000
measured and throughputs of up to 77% with a SM input [5]. These values were
found to be lower for off-axis inputs. It was then tested on sky at the AAO in
2012 [70].
This time the AWG was fed by a lenslet coupled fibre PL to allow for a non
diffraction-limited input (see Section 2.4.1). The PL consisted of nineteen cores
drawn to a single MM fibre. Twelve of these cores were then re-arranged into a
linear input of discrete single modes which was fed into the AWG ( similar to
that shown in figure 2.12). The separate inputs produced overlapped spectra at
the output of the AWG. Because of this IRIS 2 [71] was used to cross disperse
in order to separate out the obtained spectra. The results showed a similar
throughput to the lab value (though the throughput was around 0.03 - 0.07%
including telescope coupling and lantern losses) and lowered spectral resolving
power (around 2500).
Figure 2.12: The cross dispersed AWG design. A PL (not shown)
reformats light from the telescope into single modes. Multiple sin-
gle modes are input to a single AWG. The resulting spectra are
then cross dispersed at the output end using additional optics (not
shown for clarity) onto a 2D detector.
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2.4.4 Conventional spectrographs with photonic compo-
nents
There has also been a proposal to use the PL coupled to conventional spec-
trographs [72]. These spectrographs utilise the SM fibres as the input to the
spectrograph, the advantages of which are discussed later. There have been two
proposed designs. The first is the Tiger concept, which is very similar to the
lenslet IFU described above (e.g. [73]). The second concept requires the refor-
matting of the outputs from the PL into a long slit [72]. Both have inherent
advantages and disadvantages, which will be discussed in later chapters.
2.5 Conclusions
We have discussed the theory behind spectroscopy, firstly in terms of astron-
omy and from the perspective of photonics. We have looked at how photonic
spectrographs can be coupled to astronomical telescopes, first theoretically and
then practically, examining current experimental work.
We began by discussing the theory behind modern spectrographs. We showed
that for the seeing limited regime, the size of a long slit spectrograph is related
to the diameter of the telescope it sits behind. In our calculations we did not
take into account aberrations from the optics in the spectrograph, which would
further increase the size relation. We briefly discussed the FSR of a spectro-
graph and how it relates to other parameters. We then discussed alternative
ways of creating spectrographs, with examples of modern instruments. At this
point we have not formally explored corrected systems, which will be explored
in later chapters.
We then moved onto describing spectroscopy in the telecommunications
world. We introduced the AWG, a device that acts as a digital spectragraph,
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allowing signals to be multiplexed. We described models for the device, noting
that these are simplified and would need additions to fully measure the capabil-
ities of the devices. We then briefly examined the theory of waveguide modes
as these will be important later.
Finally we concluded our chapter by detailing some of the work that has
already been done combining photonic spectrographs with astronomical tele-
scopes. The current work has been done with seeing limited telescopes and are
technology demonstrators so not full devices. We looked at both fully photonic
and semi photonic devices.
Chapter 3
Models of the IPS and
existing Instruments
3.1 Introduction
In this chapter we determine the application areas where the IPS may have
an advantage over conventional instrumentation. After defining our versions of
the IPS in section 3.2, we consider the requirement for the field of view of the
instrument in section 3.3. Simplified models of the IPS are presented in sections
3.4 and 3.5. The results of comparing conventional and IPS instruments is given
in section 3.6. In section 3.7, we discuss different ways to reduce the number of
AWGs and/or detector pixels, before presenting our conclusions in section 3.8.
The chapter is largely drawn from [16].
40
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3.2 The IPS
In this chapter we shall assume the IPS devices take light from an input fibre
which is matched to the seeing limit (as with conventional fibre fed instruments)
or an AO system and so supports few to many modes, further options will be
explored later. The light from this MM input is then split into a number of SM
fibres by a PL. At this point two options have been proposed [72].
P=1: The first requires a reformatting component [74, 67] to form a slit of
SM fibres which can then be dispersed by bulk optics. We shall call this the
semi-photonic case.
P=2: In the second the SM fibres are fed into AWGs which disperse the light
into individual spectra, with one or more spectra per AWG [72]. These spectra
have the advantage that they are in a linear format, so can be sampled using
an array of fibres or a linear detector. This is our fully-photonic case.
3.3 The input field and spatial multiplex
In the previous chapter we approximated the number of modes per spatial sam-
pling element (spaxel), this is equation 2.37. As with diverse field spectroscopy
[35], photonic spectrographs address a number of individual spaxels, which can
be grouped (as in Integral Field Spectroscopy; IFS), or separate (as in Multi
Object Spectroscopy; MOS). In order to fairly compare with conventional in-
strumentation we need to make sure we sample the same number of spaxels (e.g.
observe the same field).
A long slit can be thought of as a series of spaxels joined to form a rectangle of
size 1×N , where N is the total number of spaxels. In IFS, the field is equivalent
to a series of slits (each composed of linked spaxels) joined so the total number of
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spaxels is N = NxNy, where Nx is the number of spaxels in the x direction and
Ny in the y direction. MOS can be thought of as the same number of spaxels,
N , distributed throughout the field of the telescope and brought together to
form a long slit. See figure 3.2 for an illustration of this.
An important consideration is the sampling of the field. From figure 3.1 and
equation 2.37 it can be seen that the number of modes produced is dependent
on the overall size of the field, not the individual spaxel size (as the number of
modes per spaxel is proportional to the square of the spaxel size). This means
the number of components for the IPS (and hence the approximate size of the
instrument) required for the instrument will not depend on the sampling scale.
However, the amount of spatial information and throughput will depend on the
sampling scale. Although it might appear best to reduce the spaxel size and the
number of modes, this will reduce the coupling efficiency and throughput[75].
At the other extreme the use of very large fibres would result in loss of spatial
information. A balance must be found between throughput and spatial resolu-
tion. We do not investigate this fully here as it does not affect the total number
of modes in the field or the required number of detector pixels. Thus we choose
to make our spaxel size equal to the FWHM of the seeing.
In order to calculate the scale length of the instrument we take the cube
root of the volume of the instrument. We can calculate this from the number
of spaxels in the total field passed to the spectrograph
scale length =
√
NM(λmin)P−1LxLyLz. (3.1)
Where M is a function of the shortest wavelength in the spectrograph (λmin),
in order to account for all spatial modes. Lx, Ly and Lz are the lengths of
an individual component spectrograph or AWG in the x, y and z direction
respectively which will be defined in the next two sections. P=1 and P=2
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represent the semi-photonic and photonic cases respectively.
3.4 The semi-photonic IPS (P=1)
The semi-photonic case involves taking an individual spaxel and using a re-
arranged PL to form a diffraction-limited slit, which is then dispersed by bulk
optics [72].
3.4.1 Model Geometry
Slicing the input of a spectrograph has already been examined theoretically in
[76]. The paper took existing instruments and sliced the input, either adding
the slices to the length of the slit, or placing them into replica spectrographs. It
showed that slicing could result in an instrument with a slightly smaller overall
volume, though the instruments sliced to the diffraction-limit were shown to
be larger than their counterparts due to the extra components required. This
is important to us because we showed that photonic spectroscopy is similar to
image slicing to the diffraction limit in section 2.3.3. Since conventional image
slicing has already been examined we restrict ourselves to examining only the
IPS concept, which takes each individual spaxel (not a number of them) and
separates it into a single spectrograph. We will be using the modified model
from [76] and adding this to our results. As the input to each spectrograph now
depends on the number of modes per spaxel we shall be setting the length of
the slit to the number of modes (equation 2.37).
3.4.2 Semi-photonic model limits and Calibration
In order to calibrate the model we use the same method as [76], with the S=1
case oversizing using a multiplicative factor and the S=2 case oversizing the
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Figure 3.1: An example of the number of modes generated from
a single spaxel on an 8m telescope of 0.5” FWHM seeing at λ
= 1650nm. Fixing the size of the spaxel to the FWHM gives a
single spaxel (here number of slices = 1). This spaxel is large and
contains many modes. Slicing the spaxel produces smaller spaxel
sizes, but larger numbers of them (the number of spaxels is the
slices squared). This results in the same total number of modes in
the area (the horizontal yellow line). The variation in the blue is
due to the integerisation of modes within individual slices. Note
that the three final red points lie under the blue ones.
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Long Slit
IFU
MOS
Input field
Figure 3.2: An illustration of conventional slicing and Photonic
slicing. All methods sample an area of the same size (e.g. the
same number of spaxels). The three conventional methods refor-
mat the input and disperse it, producing one spectrum per spaxel.
The fully-photonic option takes each input spaxel and splits it into
individual modes using a photonic lantern. Each of these modes is
fed into an AWG to produce a spectrum. These then need to be
recombined and summed to produce the spectrum for the spaxel.
The semi-photonic option uses the same photonic lantern, but this
is then reformatted into a long slit and fed into conventional spec-
trographs.
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Instrument S =1 S =2
a (m) b a (m) b
GNIRS 0.1 2.1 0.46 1.1
CRIRES 0.1 2.2 0.61 1.1
NIFS (J) 0.1 7.0 0.86 1.1
SINFONI (H) 0.1 7.0 0.86 1.1
IRMS 0.1 8.0 2.06 1.1
IRIS 0.1 10.0 1.46 1.1
Table 3.1: The scaling parameters for the semi-photonic versions of
the conventional instruments. The scaling scenarios are described
fully in [76] and [17].
spectrograph input beam. The scaling factors for our instruments can be found
in table 3.1.
3.5 The fully-photonic IPS (P=2)
For our fully-photonic model we shall concentrate on modelling the size of the
AWGs, not the components that feed them. We shall include a factor for our
detector sizes.
3.5.1 Model geometry
For the fully-photonic model we first need to consider the geometry of AWGs.
These are available in many different variations, especially with respect to the
geometry which generates the path difference between waveguides (e.g. S-bend,
circular, horse-shoe). To keep the toy model simple we have chosen a reflective
AWG [77, 78] using a Rowlands Circle arrangement for the Free Propagation
Region (FPR). We have removed the bend at the end of the waveguide array for
simplicity. Because of this it looks almost identical to a conventional double-pass
Echelle spectrograph.
Using the definitions in figure 3.3 we arrive at the following equations for
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Figure 3.3: The fully-photonic model. The left image shows the x-y
view of the AWG, with the (left to right) input fibre, Free Propa-
gation region and waveguides. The top right image shows the side
view of the AWG model, with the top and bottom cladding layers
and the layer containing the waveguides in the centre. The bottom
right image is an enlargement of the FPR which is a Rowlands
Circle arrangement.
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the size of the AWG model
Lx = (max(D,E) + aawg) bawg (3.2)
Ly = (cawg +Wi)bawg (3.3)
Lz = (aawg +Ax + (Nwg − 1)∆L) bawg. (3.4)
Here Ax is the x-length of the FPR, ∆L the length difference between ad-
jacent waveguides to achieve the required order for a given central wavelength
(λc),D is the length containing the waveguides (analogous to the illuminated
length of the grating in a standard echelle grating), E the x length of the de-
tecting surface, Wi is the waveguide diameter. The oversizing parameters aawg,
bawg and cawg parameterise the extra size required to implement a practical
device.
First we calculate the appropriate dispersion order, m, in terms of the free
spectral range (FSR, ∆λFSR) for an AWG
m =
λmin
∆λFSR
. (3.5)
Setting D = Nwg/ρ, this can be combined with equation 2.34 where ρ is
the density of waveguides (analogous to the ruling density of a conventional
disperser) to give
D =
CR
mρ
. (3.6)
The physical extent of the FSR in an arrayed waveguide grating is XFSR =
(λminLF ρ/ns), where ns is the refractive index of the slab and LF the length of
the free space propagation region. Combining with geometrical arguments gives
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E = LF sin
(
Φ
2
)
= LF sin
(
λminρ
ns
)
. (3.7)
Where Φ is defined in figure 3.3. In order to calculate ∆L we make use of
the equation for calculating the central wavelength of the AWG
∆L =
λcm
nc
(3.8)
where nc is the refractive index of the waveguides, the central operating wave-
length is λc =λmin + ∆λFSR/2, so Ax can be calculated from geometry as
Ax = LF cos(θ) = LF cos
(
Nwg
2ρLF
)
. (3.9)
where θ is defined in the figure and Nwg is calculated using equation 2.34. In
order to calculate LF we make use of the fact that imaging requires the number
of detector pixels to be able to adequately sample at the resolution required
(equivalent to sampling of the Echelle model in [76]). To do this we take the
dispersion relation
(
δλ
δx
)
'
(
dλ
dx
)
=
ns
LFmρ
. (3.10)
and combine it with equation 3.5, setting δx = N0dp, where N0 is the
oversampling and dp is the size of the pixels. We also take the equation for the
spectral resolution δλ = λmin/R. Minimising to obtain the maximum LF we
find
LF ≥ nsN0dpR∆λFSR
ρλ2min
. (3.11)
Finally we can calculate the number of pixels we need for the required reso-
lution
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NP =
LFSR
N0dp
=
λcLFρ
nsdp
. (3.12)
3.5.2 Fully photonic model Limitations and Calibration
Astronomical spectrographs are usually designed to operate with a large free
spectral range (typically several hundred nm). This is a problem for the IPS
because conventional telecoms AWGs are designed with low free spectral range
in order to deal with the discrete narrow band input from the telecoms industry.
For astronomy, single AWGs need to be redesigned to work in lower spectral
orders by reducing the path difference between adjacent waveguides. This re-
quires more waveguides to maintain the maximum theoretical resolution and an
increase in LF to maintain a practical one (see eqn 3.11). This produces very
large AWG dimensions which cannot be manufactured due to chip manufactur-
ing size constraints [63].
We wish to avoid this problem and retain a fully integrated design with
no external optics. As such we make use of the tandem AWG arrangement,
where a primary AWG filters the light by wavelength into secondary AWGs,
each encompassing a fraction of the original FSR (see figure 3.4 and [79]). This
allows the individual component dimensions to be within manufacturing limits
whilst allowing our full device to sample the correct FSR. It would also allow
the AWG design process to remain similar to current specifications.
Since no fullscale AWG instruments currently exist, we are required to use
a bottoms-up approach to estimate its size. To do so we take an existing AWG
acquired from Gemfire Livingstone. We use its known parameters and adjust
the models produced dimensions until they match the real ones. In order to
emulate [76], we set the scaling parameters to two extremes.
S=1 : Minimise bawg=1.1,which yields a aawg = 10mm
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Figure 3.4: An illustration of the tandem and single AWG setup.
The image on the left shows the conventional AWG dispersing the
whole spectrum. The image on the right is the tandem configura-
tion. The intial AWG (or other dispersive optic) splits the light by
wavelength (here to ∆λFSR/3) and feeds the second set of AWGs.
This has the advantage that each individual AWG can be smaller,
though it requires more AWGs, additional components (feeding
fibres) and is subject to extra loss of throughput which makes cur-
rent devices unviable (see chapter 5). Note that the length of the
output must be the same in both cases in order for the detector to
sample adequately.
S=2 : Minimise aawg = 0mm, which yields bawg = 2.8
For both scenarios we keep cawg = 0.7mm as the device is planar so the
height should not change.
For simplicity we will not include the volume of the initial multimode fibre
bundle, the photonic lantern or the housing of the instrument. We will however
include an estimate for the size of the detector. This value is calculated assuming
the size of a typical detector sub-system including the cryostat. This is estimated
as 10−7m3 per detector pixel , using the GNIRS detector as a guide [80].
3.6 Results
To estimate the uncertainties within our model, we use both of our oversizing
options for both models and also vary C between 1 (diffraction-limited) and 4
(the initial results obtained in [3]) for our fully-photonic instrument. This gives
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us two extremes and allows for the current maximum of C =1.6 achieved in [5].
To test our models we choose two sets of instruments. First those designed
to represent current instrumentation on 8m telescopes. Then we test against
instruments that have been designed for the TMT. We shall only investigate a
single mode of operation for each instrument which is the case for many survey
and high precision facilities, though may be oversimplifying for our instrument
choices as they are designed to operate at different resolutions and at different
wavelengths by changing gratings or optics. It however keeps the model simple
and IPS devices could be adapted to suit various purposes, this is discussed in
the conclusions.
The first set of instruments are in current use on 8m telescopes and are
intended to represent generic instrument types. We use the parameters in table
3.2 to calculate the volume of the instruments. The instruments we have chosen
are:
1. Gemini Near InfraRed Spectrograph (GNIRS) on Gemini-North. The in-
strument has an overall wavelength range of 1.0-5.4µm, resolutions of be-
tween 1,700 and 18,000 and slit widths of between 0.1 and 1.0 arcseconds.
It has an imaging mode, a long slit mode and originally an IFS mode
(destroyed during maintenance at the telescope). We will be comparing
our photonic instrument to the long slit configuration.
2. CRyogenic high-resolution InfraRed Echelle Spectrograph (CRIRES) is a
high resolution spectrograph on the Very Large Telescope (VLT). It is
designed to operate between 1.0-5µm, with a resolution of up to 105. We
have chosen it to illustrate a long slit high resolution spectrograph.
3. Near-Infrared Integral Field Spectrometer (NIFS) on Gemini-North is our
first IFU instrument. It is designed to work with the Adaptive Optics
system, over 0.9-2.4 µm.
CHAPTER 3. MODELS OF THE IPS AND EXISTING INSTRUMENTS 53
4. Spectrograph for INtegral Field Observations in the Near Infrared (SIN-
FONI) on the VLT is our second IFU instrument. It operates in the 1.1
to 2.45µm range again with AO.
We have also chosen two hybrid instruments proposed for the Thirty Meter
Telescope [81]. IRMS will employ 10 or more IFUs. Each one will have a 2 x
2 arcsecond squared field of view with 50% of the energy enclosed by 50 mas
at wavelength of 1µm, resulting in 1600 spaxels per IFU. IRIS has 3 IFU units,
two of which will be lenslet arrays (for observing smaller fields) and one will be
an image slicer (larger fields). Here we model the slicer, which has 88 mirror
facets, but will keep the best resolution possible with our AWG model. As with
the 8m instruments , the instrument scale lengths are fitted to values taken from
the literature, see table 3.2.
Table 3.3 shows the resulting parameters in the fully-photonic case. The total
number of AWGs required are shown in the second column, this number will
be in the tens of thousands for 8m instruments and the hundreds of thousands
for the 30m instruments. The large number of AWGs requires rigorous quality
control to test the large number of individual components. This may be of
advantage though, as the individual AWGs should be less prone to flexure and,
due to their modular nature, are better suited to mass production and upgrades
and expansion to suit cashflow. Note that the size predictions do not include
provision for mounting hardware required to support the instrument components
or to provide a suitable controlled environment.
The next eight columns show the different resulting normalised scale lengths
of the instrument. Note that this is the scale length of the overall instrument,
not the individual components. The first four are the scale lengths without
provision for the detector size and show that the total size of the 8m instruments
will be on the same order as the conventional instrument. If the diffraction limit
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Instrument Modes Total detector Reference Instrument
per spaxel pixels /(106) pixels /(106)
GNIRS 39 60.69 1.05
CRIRES 31 47.31 2.10
NIFS 10 112.43 4.19
SINFONI 27 66.50 4.19
IRMOS 32 6263.44 83.89
IRIS 32 1127.42 16.78
Table 3.4: Further information on the fully-photonic model. The
AWG model uses a waveguide separation of ρ = 200mm−1.
Number Normalised Scale Number of
Instrument of replica Length detector
Spectrographs S = 1 S = 2 pixels* /(106)
GNIRS 330 4.30 5.30 1.05
CRIRES 200 3.06 4.66 2.10
NIFS 870 9.55 9.54 4.19
SINFONI 1,024 8.62 9.36 4.19
IRMOS 16,000 26.07 32.48 83.89
IRIS 3.600 8.49 9.20 16.78
Table 3.5: Results for the semi-photonic model. All of the scale
lengths are normalised to the cube root of the volume in table
3.2. The semi-photonic model uses ρ stated in figure 3.2. * The
number of detector pixels assumes that the modes in each spaxel
can be reduced onto the detector appropriately, which may not be
the case.
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can be achieved the resulting instruments are smaller for all scenarios, with the
exception being NIFS with the S=2 scaling. If the diffraction-limit cannot
be achieved the instruments will have a scale length larger than the original
instruments. The results for the 30m instruments are similar to the 8m ones,
with the S=1 scaled case of IRIS being slightly smaller and the rest being
slightly larger.
The second four include the provision for detector and show similar results,
though the scale lengths are increased slightly as expected. This shows the size
of the additional detector pixels (discussed later) will not pose a significant size
restriction on the instrument.
Table 3.4 shows the results corresponding to the number of modes per spaxel
and hence the requirements in terms of detector pixels. The second column
shows that all of the instruments will have around 30 modes per spaxel, with the
exception of NIFS, which will have 10. This causes problems with oversampling
in the fully-photonic model due to each mode needing to be sampled using two
detector pixels per resolution element (Nyquist sampling). There needs to be
some way of combining the individual spectra to stop massive oversampling
(shown in column 3). This will be discussed later, but will probably involve
additional components, increasing the size of the instrument.
Table 3.5 shows the results from the semi-photonic model. The second col-
umn shows that the number of replica photonic instruments will be 103-104.
As a consequence using the semi-photonic method will require mass production
of the replica spectrographs which is not common in the astronomical instru-
mentation community. The alternative is to put many spaxels in the same
spectrograph and would require a balance between redundancy and over-large
components for this version is to work.
The next two columns show that using the semi-photonic model for the in-
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strument will result in much larger instruments. This matches with the results
of [76], where as the input was sliced more the instrument tended to get bigger.
As stated in section 3.4 we are slicing the instrument to the diffraction-limit
in the spatial direction and then separating each spaxel into a separate spec-
trograph, which imposes huge redundancies. The number of required detector
pixels are shown in the final column. For this we are assuming that all the
detector separate modes can be combined onto a linear detector, however this
may not be possible.
3.7 Modifications to Integrated Photonic Spec-
trographs
From the results already discussed, it is clear that IPSs in their current state offer
little or no advantage in terms of size and detector pixels when compared with
existing instruments on large telescopes or those planned for ELTs. However it
is possible to envisage modifications to the fully-photonic device which would
make it possible to exploit the unique features of photonic spectrographs. One
such scheme is already being studied [5].
3.7.1 Multiple-input Arrayed Waveguide Gratings
So far we have restricted ourselves to one input per AWG (i.e. one mode per
AWG), which as shown in previous sections requires many AWGs. Placing
multiple inputs per AWG would reduce the dependence on equation 2.37, at
the extreme eliminating it entirely if all the inputs could fit into a single AWG.
In order to introduce these extra inputs additional fibres are placed at different
positions on the input FPR. This introduces a path difference between each
input with respect to the central one (see figure 3.5 and 3.6). This path difference
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Figure 3.5: Cutaway diagram illustrating the difference between
the single and multiple input versions of the AWG. To the left is
the single input, which would make use of a linear detector array
to sample the output spectrum. To the right the multiple input
version. Here five inputs produce five separate spectra that overlap
at the output of the AWG. This has a couple of implications, first
the spectra would need to be cross dispersed in order to be sam-
pled and second the end of the second FPR would need to be larger
(though not the input which would remain the size of the waveg-
uides). The path difference in the waveguides is not illustrated in
this diagram for simplicity.
is carried through the system and results in the output spectrum of each mode
being shifted in the dispersion direction at the output. To remove the overlap
between spectra, it will be necessary to introduce cross dispersion.
The AWG also produces multiple diffraction orders (as with a conventional
grating) so we also need to make sure the inputs all lie within a region half
that of the FSR of the central input. This is to stop the same wavelength from
different orders lying in the same position in the linear output, resulting in the
cross dispersed spectra lying the same position on the detector. The refractive
index change in fused Silica is not great enough to disperse the light by polishing
the AWG at an angle. In order to separate the spectra, the outputs need to
be cross-dispersed using conventional optics [3] . This means that each AWG
will need a two-dimensional detector, a dispersive element and collimating and
camera lenses. Here we look at the relative advantages of using cross dispersion
in the system. Note we do not discuss energy resolving detectors, which would
eliminate the need for cross dispersion here, please see chapter 5.
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Figure 3.6: The multi-input model for the cross dispersed system.
Each spaxel from the input field is fed into a photonic lantern.
The output SMFs are fed into AWGs, with multiple fibres in each
AWG. The output from these AWGs is then cross dispersed onto
a 2d detector.
3.7.2 Adding cross-dispersion
To cross-disperse we need additional optics, which means that the device is
no longer fully integrated, potentially making manufacture and maintenance
more difficult, but reducing the number of AWGs required for the device. We
construct a new toy model to see how the scale length of a cross dispersed system
(multiple inputs) compares to one with linear arrays (single inputs). For this
section we have modified our fully-photonic model so it is no longer reflective
and the output of the second FPR outputs is linear (e.g. figure 3.5 and [86]).
The first FPR is still in its original shape so as to allow the multiple inputs.
Changing the model like this will affect the overall size of the instrument (due
to the difference in AWG design), but will still allow us to examine the relative
sizes of the two scenarios.
We retain the single input model for our comparison and use the length
values calculated in previous sections. As such the scale length of the instrument
(with all modes) is still NawgLxLyLz, where Nawg is the number of AWGs.
The cross dispersion option requires the AWG, a collimator, prism and then
camera in front of the detector (see figure 3.7). The equation for the volume of
the system now becomes NawgLxLyLz, where Nawg = N/Ni, the total number
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of spaxels divided by the number of inputs per AWG and the dimensions being
defined below.
We start by examining the output end of the AWG. For a single input the
x length of the AWG system would be the same as described in equation 3.2, E
will now be XFSR as we have flattened out the output. Adding extra inputs such
as the ones illustrated in figure 3.7 will increase this x length. The maximum
distance between inputs must be less than XFSR, to avoid the same wavelength
in two different orders lying on the same position. For simplicity we assume
evenly spaced inputs, which when combined with the previous condition yields
equation 3.19. We set the maximum number of inputs to be XFSR / Dinput,
where Dinput is the diameter of the input fibre (here set to 125µm, which is the
diameter of a single mode fibre).
To calculate the y length, we must consider how the spectra are to be cross
dispersed. We need to make sure that the output beam from the system is
collimated. To do this we make sure the output angle of the collimator is small:
θ2 = Wi/ 2f1 < 0.01
0. Where θ2 is the divergence in the collimator and f1
is the focal length of our collimator. As our system is diffraction-limited, the
diameter of our collimated beam is
D = θ1f1 ≈
(
λmax
Wi
)
f1 (3.13)
For cross-dispersion we use a prism, athough a grating could also be used. We
need to work out the required resolution of the prism, which is proportional to
the number of inputs (e.g. as the number of inputs increases the FSR decreases
by that factor). This gives
Rx =
Niλmin
∆λFSR
. (3.14)
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where Rx is the resolution of the cross dispersed system. We can then combine
this with the equation for the resolving power of a diffraction-limited prism [22]
to yield
t > Rx
(
dλ
dn
)
=
(
Niλmax
∆λFSR
)(
dλ
dn
)
. (3.15)
where t is the path difference between the upper and lower rays in the prism.
In order to account for all wavelengths we must use the maximum value of the
material dispersion, dλ/dn within the required wavelength range. The vertex
angle of the prism is
α = arcsin
(
2D
nt
)
. (3.16)
where α is the angle the prism makes to the collimated beam and n is the
refractive index of the prism. This allows the calculation of the vertex angle of
the prism
κ = 2 arcsin
(
t
2D
sinα
)
. (3.17)
The output angle of the prism is then
β = pi − κ− 2α. (3.18)
We can then calculate Ly from figure 3.7, giving equation 3.20. Finally from
above and from the geometry in figure 3.7 we have
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Figure 3.7: The new model for the AWG. This allows multiple
inputs to the AWG and includes cross dispersion at the output in
order to separate overlapping spectra.
Lx = MAX
(
XFSR
(
2Ni − 1
Ni
)
, D
)
+ 2aawg (3.19)
Ly =
D
2
+ t sin δ + a sinβ +MAX
(
f1 sinβ,
D
2
)
(3.20)
Lz = Lz + f1 + a+ t cos δ + (a+ f1) cosβ. (3.21)
Here δ = (α+ β)/2.
3.7.3 Results for cross-dispersed multiple-input AWG
We now run the simulation for all the instruments detailed in section 3.6 using
the model above and fused silica as the glass in our prism. We also set the
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maximum value of t to 30cm, to represent sensible limits for the prism size.
By imposing our limit on t we can see in figure 3.8 that the number of inputs
per chip is limited to the tens for all the resulting graphs due to equation 3.15.
The potential advantage of this is all the resulting modes from a single spaxel
could be fed into one AWG, meaning each one could be isolated.
We can also see that though the instrument size decreases (particularly for
NIFS, IRMS and IRIS) as more inputs are added all instrument sizes will be
much larger than the single input version. Existing results have only put around
10 inputs on a chip and then cross dispersed by the IRIS2 instrument [5], which
fits with our results. There is no result for CRIRES as the prism would have to
be too large to have sufficient resolution.
Not shown in the resulting graphs are the numbers of pixels required for the
instruments, which would be of the same order or greater for this new setup.
It should be noted that we have used a prism in our example, which is usually
used for lower resolution cross dispersion. The alternative is to use a grating,
though this would work in a similar way. Taking the equation for FSR and
combining it with a diffraction-limited grating (Rx = mρW ) yields
Ni = ρW. (3.22)
This shows the grating size (related to W ) will increase as the number of
inputs increases (given a maximum ruling density).
3.7.4 Other instrument options
In its present form it is clear that trying to compete with large IFU style instru-
ments is not a viable option. As shown in [17] the areas providing the greatest
advantage would be small or diffraction-limited telescopes, preferably operating
at longer wavelengths with instruments that only require a small field of view.
CHAPTER 3. MODELS OF THE IPS AND EXISTING INSTRUMENTS 65
Figure 3.8: The resulting scale length due to varying the number
of inputs to each AWG on each instrument. The different scaling
cases are show in green and blue with the dashed horizontal line
indicating the scale length of the single input instrument. From
the figure you can see that all the results will produce larger in-
struments than the single input case. The result for CRIRES is
omitted as no sensibly sized prism could be found with sufficient
resolution to cross disperse the outputs.
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There is potential for applications in solar system science, planetary and stellar
science and studies of individual stars in galaxy populations
Another option is to use multiple single-input AWGs, but to combine the
output onto a single linear detector array to reduce the number of detector
pixels by a factor equal to the number of modes per spaxel. This would greatly
reduce the cost of the detector system and bring the benefit of adaptability of
a one-dimensional detector array to the output focal surface of the AWG. This
would only be possible if the pixels had a large aspect ratio. This might incur a
penalty in terms of extra detector noise if the area of the pixel was increased, as
dark current scales with the volume of the detector pixel [87]. In addition the
number of AWGs is not reduced. This option is currently under investigation
[88], though no references were found for arrays currently under development.
A further option is to reduce the number of modes that are extracted from
the input multimode light to produce an acceptable tradeoff between cost and
performance defined as a combination of throughput, spectral resolution and
field size. Options include :
(a) Restrict the number of single-mode fibres output from the photonic
lantern with a consequent loss of throughput. This may be acceptable because
the population of excited modes is not likely to be uniform [75] but will reduce
as a function of mode number to a cutoff value at high order. Thus the overall
performance of the system in terms of the product of cost and throughput may
be acceptably high.
(b) Reduce the number of AWGs (and detector pixels) by making each work
in a partly multimode (i.e. few mode) configuration so that the AWG disperses
light which is not in a single mode. This is explored in chapter 5. This may
be acceptable if high resolving power is not required e,g, in a survey of faint,
unresolved galaxies.
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(c) Reduce the number of AWGs (and detector pixels) by decreasing the field
of view. This directly trades-off cost with field coverage. This is of relevance
to applications requiring little spatial multiplex, e.g. single-object spectroscopy
or spectroscopy with high-order adaptive optics such that the input image is
already near the diffraction limit [17].
3.8 Conclusion
We have examined the application of Integrated Photonic Spectrographs in as-
tronomy and shown that an IPS is equivalent in function to an image slicer. We
have shown that as the telescope diameter increases, the size of an IPS must
also increase (provided the system is slit, not aberration limited and that the
slit is not matched to the diffraction-limit) due to the increase in number of
modes in the field (equivalent to the number of diffraction-limited slices). We
have also shown that the number of modes in a field is independent of how the
field is initially sampled (the size of the sampling element (spaxel) has no effect
on the total number of modes in the field).
We modelled IPS instruments to compare them with conventional instru-
ments on large telescopes and found that they require 103-105 single input
Arrayed Waveguide Gratings (AWGs) or 103-104 replica spectrographs if bulk
optics are used for instruments on 8m and 30m telescopes. We found that fully-
photonic instruments were comparable in size to their conventional counterparts
but only if the AWG was close to the diffraction limit. The semi-photonic in-
struments were found to be much larger, due to the redundancies of having
multiple spectrographs.
We have also found that unless the input image is sampled near the diffrac-
tion limit, the number of component spectra in each spaxel is very high, requiring
large numbers of pixels in the detector array (assuming the device is read noise
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limited, with square pixels) . This is equivalent to oversampling the PSF and
could also potentially increase detector noise in the instrument. Constructing
detectors with rectangular pixels is being investigated [88], though no references
were found in the literature of their construction.
To combat the problem of size we considered the effect of adding extra inputs
to the AWG to reduce the number of AWGs required. However the resulting
instrument was of the same size or larger. It also means that the problem of
oversampling in the linear case remains unsolved and potentially will be worse
since the spectra will need to have gaps between them to distinguish them.
We also examined other options for reducing the number of detector pixels
and/or AWGs and concluded that instruments of photonic construction may be
viable depending on the extent to which performance (including throughput,
spectral resolution and spatial multiplex) can be traded against cost.
Chapter 4
Parameters and Science
Cases for the IPS
4.1 Introduction
In Chapter 3 we compared models of the IPS with equivalent models based on
conventional instrumentation. We found that for these models the IPS would
have a similar or larger volume and require more detector pixels to adequately
sample the resulting spectra. In this chapter we reuse our IPS model and add
a model based upon that developed in [76]. We use the scaling parameters for
GNIRS [89] and the AWG device to fix our models for conventional and photonic
instrumentation. We choose GNIRS as it is representative of an existing facility-
class instrument in the wavelength range that our AWG was developed for.
We examine the results of varying the spectral resolution (R), Field of View
(FOV) or number of spaxels (N), telescope diameter (DT) and the seeing of the
telescope (χ) in order to ascertain where an IPS could be most useful within
astronomy. We then examine the science cases that fit the best results of the
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extended model by comparing them to the results of the ASTRONET report on
Europe’s 2-4m telescopes over the decade to 2010 [90] and the ReSTAR report
from the committee for Renewing Small Telescopes for Astronomical Research
[91]. The model in this chapter is adapted from [17].
4.2 The echelle Model
The echelle model is adapted from that shown in [76]. Here we will be calculating
the model using the initial input parameters of χ, R, λc, ∆λFSR, Ny and ρ. As
stated in [76] modelling a spectrograph for monochromatic light is simple, but
for a large wavelength range we need to add in extra parameters accounting for
dispersion. For our model here we use ±Φ/2 to represent the extra beamspread
due to the wavelength dispersion and ±Ψ/2 to represent the dispersion due to
conservation of etendue. Note for our model we are assuming aberration free
optics, which would increase the size of the instrument. Although this is taken
into account using the scaling parameters for the fixed model, it becomes an
approximation as the model parameters are varied. Our toy model is based on
an echelle spectrograph with double pass construction (see figure 4.1). For an
unsliced spectrograph its dimensions are estimated as
Lx = (Dcol + Φ (aech +Dcol tan γ) + aech) bech (4.1)
Ly = (Dcol + Ψ (aech +Dcol tan γ) + aech) bech (4.2)
Lz = (DcolFc +Dcol tan γ + 2aech) bech. (4.3)
Where Dcol is the diameter of the collimated beam, γ the blaze angle and
Fc the focal ratio of the collimator and camera. We include aech and bech as
an oversizing parameter in order to allow the model to be fitted to existing
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Figure 4.1: The echelle model. The left part of the image shows the
spectra dispersion of the echelle model, and the right part shows the
spatial extent of the device. This is identical to the one described
in [76]
instruments, with aech as the additive term and bech the multiplicative. We
consider Littrow configuration at blaze, so we can re-arrange equation (2.12) to
give the diameter of the collimated beam
Dcol =
RχDT
2 tan γ
. (4.4)
The blaze angle in Littrow configuration is sin γ = ρλcm2 , and the FSR of a
system is ∆λFSR =
λc
m . Thus
T = tan γ = tan
(
sin−1
(
ρλ2c
2∆λFSR
))
. (4.5)
To work out the spatial beamspread we use conservation of etendue, yielding
Ψ = Nyχ
DT
Dcol
. (4.6)
We now work out Φ, using the FSR and λc. In order to calculate the total
angle occupied on the detector by the spectrum we use the grating equation
sin(θi) + sin(θo) = mρλ. Setting θi = γ gives
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Φ = θ(λmax)− θ(λmin). (4.7)
Where λmax and λmin are the maximum and minimum wavelengths that the
system operates at (= λc ± ∆λ/2). In order to find the minimum focal length
for our system we need to make sure we can resolve each point in our spectra.
We know that χFcDT = n0dp, where n0 is the oversampling of the detector (we
use 2.5 allowing for a non-gaussian shape in the PSF) and dp is the size of each
pixel (here we choose 13.5µm). From this we can calculate the minimum focal
ratio of the camera Fc.
With all this in place we can rewrite the equations for the scale lengths of
the instrument as
Lx (χ) =
(
RχDT
2T
+ Φ
(
aech +
RχDT
2
)
+ aech
)
bech (4.8)
Ly (χ) =
(
RχDT
2T
+ Ψ
(
aech +
RχDT
2
)
+ aech
)
bech (4.9)
Lz (χ) =
(
RχDT
2
(
Fc
T
+ 1
)
+ 2aech
)
bech. (4.10)
Finally to correctly sample the output we require one sampling point in
the spatial direction (as we have fixed our slit to the FWHM already) and n0
samples in our spectral direction, yielding
Npixels = n0NyNλ =
∆λFSRn0
∆λ
=
∆λFSRRn0
λmin
. (4.11)
4.3 Model Results
We set the input parameters in Table 4.1 to represent GNIRS [89]. We then vary
resolution, field of view (FOV) of the instrument, telescope diameter and seeing.
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χ Slit DT R λc ∆λFSR Vol Ftel S a b
Length
(”) (”) (m) (nm) (nm) (m3) (m) (mm)
0.3 99 8 5900 1650 400 2.00 4.8
1 100 1.2
2 200 1.1
Table 4.1: Table of input parameters for GNIRS calibration, taken
from [76] and calculated using the model. These will be used as
the default parameters for the models.
The results of the modelling are presented in graphical form in figures 4.3
to 4.10.
Figure 4.3 shows that varying the spectral resolving power will produce in-
struments with similar scale lengths for all models, with the IPS instrument
being slightly larger for existing technologies. The figure shows that as the res-
olution is increased the instruments become more similar in size, and further in-
creases in resolution will produce instruments smaller than echelle instruments.
This may not be possible due to manufacturing restrictions on the AWG. For
example most AWG chips can only be manufactured up to 8 inches and as
resolutions are increased the manufacturing tolerances become more stringent.
In figure 4.4 we see that using instruments with higher spectral resolution
results in a constant additive factor to the number of detector pixels. This
suggests that spectral resolution will not be a major factor in deciding whether
IPS instruments will be of use.
Figure 4.5 shows the size of the IPS instrument will be smaller than con-
ventional instrumentation for a small FOV. This is due to the beam spread of
the echelle being larger than the planar AWG. When the FOV is increased the
added volume due to the beam spread increases slower than the added volume
due to the extra AWGs. This means at some point the increase in FOV will
make the IPS instrument larger than the echelle. This effect is illustrated in
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figure 4.2.
Figure 4.6 shows once again the number of detector pixels on the IPS in-
strument becomes larger as the FOV increases, but this is at the same rate as
the echelle instrument. This means the field of view is unlikely to be a deciding
factor in whether the IPS will be of use.
Figure 4.7 suggests increasing the size of the telescope will make the IPS
model larger than the conventional one. This means the same size issues will
be present for IPS instruments as conventional ones for ELTs using the model
setup.
We also see from figure 4.8 that increasing the telescope diameter results
in the number of pixels increasing with a squared relationship (see equation
(2.37)), Suggesting a smaller telescope would be better for the IPS instrument.
Figure 4.9 suggests that the relative sizes of the instruments are dependent
on seeing. This is due to the number of modes increasing the number of detector
pixels required by the instrument. This suggests a near diffraction-limited input
would be best for the IPS.
Figure 4.10 shows the number of detector pixels is comparable for diffraction-
limited inputs, but increases hugely as the seeing becomes worse, again due to
the extra modes (see Equation 2.37). This suggests a near diffraction-limited
input would be best for the IPS.
4.4 Model Conclusion
We find that the IPS model will be similar in size for all cases, though becom-
ing smaller when the FOV of the instrument is small or when the resolution
is high. The latter is potentially interesting provided the instrument can be
manufactured, as no devices currently exist in this regime. This fits well with
the results of chapter 3. We also find this problem will be compounded for
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Echelle AWG
ny
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5ny
Figure 4.2: An example of changing the slit length of the different
model instruments. When the slit is small (in this example of
length ny) the echelle instrument is larger. This is because the
divergence of the light (and hence the size of the optic required to
collimate it) is greater than the width of the AWG device. As the
length of the slit increases the size of the optic increases, though
much more slowly than the size of the AWG stack. Eventually
this leads to the IPS instrument becoming larger than the echelle
instrument (here for a slit length of 5ny).
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Figure 4.3: The resulting scale lengths due to varying the resolution
of the GNIRS models with the different scaling parameters. The
red dashed line represents GNIRS, the green dashed line represents
where telecommunications AWGs operate.
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Figure 4.4: The resulting pixel numbers due to varying the reso-
lution of the GNIRS models with the different scaling parameters.
The red dashed line represents GNIRS, the green dashed line rep-
resents where telecommunications AWGs operate.
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Figure 4.5: As figure 4.3, with the field of view of the telescope
varying.
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Figure 4.6: As figure 4.4, with the field of view of the telescope
varying.
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Figure 4.7: As figure 4.3, with the diameter of the telescope vary-
ing.
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Figure 4.8: As figure 4.4, with the diameter of the telescope vary-
ing.
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Figure 4.9: As figure 4.3, with the seeing of the telescope varying.
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Figure 4.10: As figure 4.4, with the seeing of the telescope varying.
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larger telescopes unless the input is very close to the diffraction-limit. We find
that IPS instruments may be suited to instruments with smaller FOV, such as
amateur instruments or for high resolution spectroscopy.
Our results indicate the number of detector pixels will be substantially higher
for photonic instruments unless the input is very close to the diffraction-limit.
This suggests that either near diffraction-limited AO or a space based mission
would be required for optimal performance from photonic spectrographs.
4.5 Identifying scientific cases for the IPS
We have examined the AWG version of the IPS and concluded that the instru-
ments would need to have a small FOV (to maintain a small size), and have
a near diffraction-limited input (due to the number of detector pixels) to best
compete with conventional instrumentation. This means the instruments would
be best suited for certain types of astronomy and require either a small tele-
scope, near diffraction-limited AO, or to be space based. Also due to the nature
of the devices any science cases would most likely be in the near IR.
In order to examine the science cases we explored the literature. We found
our requirement for near diffraction-limited seeing overlaps with those of the
ASTRONET report [90] and the ReSTAR report [91]. These reports examined
uses of 1 to 4 metre class telescopes in the future, both in Europe and the US.
This class of telescope is also the most likely to trial initial IPS instruments. As
such we take their report from December 2007 and identify which of its recom-
mendations also had a small FOV or cases where few objects were examined at
once in order to identify where the IPS could be of most use. We split the sci-
ence cases into two regimes, low to medium (R <10,000) and high (R >10,000)
spectral resolution.
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4.5.1 Low-Medium Resolution
The ASTRONET report, does not identify many areas that are immediately
suited for the IPS (the focus is on IFU or wide wavelength range instruments.
However the ReSTAR report identifies three main areas of interest that require
low spectral resolution and have a small FOV. In this regime the stability of the
instrument is less important, with the focus being on the ease of manufacture,
reducing the cost of the instrument and the ability for the instrument to be
mass produced. The areas are listed below.
Studies of small objects in the solar system
Numerous small bodies are present in the solar system, with most inhabiting
the asteroid belt and Kupier belt. Studies of these small objects within the solar
system rely on detection and follow up capabilities, which small telescopes are
ideally suited for provided the objects are bright enough. Not only can these
objects tell us about the chemical makeup of the solar system, they can also
give us information as to how it formed.
There are two main competing sets of theories about evolution of objects in
the solar system. The first, older set of theories states most objects formed in
place from the remnants of the material that created the sun, with a few moving
due to planetary perturbations (The nebular hypothesis). The second set of
theories state that the migration of Jupiter and Saturn caused massive upheavals
in the solar system moving around all the materials. Thus, understanding the
location and chemical composition of small objects within the solar system is
key to understanding its formation history. The ReSTAR report [91] identified
that imaging would be required to identify objects in both the asteroid and
Kuiper Belt. Follow up studies using spectroscopy on 4m class telescopes would
allow observations at limiting magnitudes of > 21 and would then tell us about
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the composition of these objects and test the theories on solar system formation.
This type of spectroscopy suits the IPS system, as it is examining single objects
and the wavelength ranges that are of interest are the visible and near IR, so
would require few modes per spaxel.
Low Mass Brown Dwarfs
Though Brown dwarfs had been hypothesised for a long time, it was not until
1995 when the first Brown Dwarf was confirmed [92]. Since then the numbers
and diversity in candidates have grown hugely, mostly due to surveys such as
2MASS [93]. Future surveys will increase the numbers of candidates and in
order to fully classify these objects follow up observations will need to be done.
Spectroscopic surveys in particular are required to determine parameters such as
composition, temperature and density. Due to the temperature of these objects
low spectral resolution NIR spectroscopy is ideal to maximise flux contrasts.
To observe the brightest objects a 4m class telescope will be needed to provide
sufficient signal to noise within a reasonable time [91].
Variable stars
Observations of variable stars are useful, both to determine the processes driv-
ing their variability, but also in the case of Cephied variables can be used to
determine other parameters such as distance. The [91] report also identifies
the need for time resolved spectroscopy as part of a network of telescopes and
instruments around the globe. This would allow the continuous monitoring of
variable objects in various wavelength ranges and time periods. It would give
information on variables such Cephied Variables, Wolf-Rayet stars, eclipsing bi-
naries and Gamma Ray Bursts. The IPS could be used to monitor these variable
stars in the near IR.
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4.5.2 High Resolution spectroscopy
Both the ASTRONET and ReSTAR report identify several areas where the
IPS could be useful in high spectral resolution spectroscopy. This is once again
looking at small numbers of objects. The IPS has potential to be very useful
due to its diffraction-limited slit providing a highly stable input. However to
utilise this to its full potential any IPS device will need to be subject to the
same constraints on temperature and other variations as current high resolution
spectrographs (e.g. HARPS [94]).
4.5.3 Solar system
The ReSTAR report identified two main areas in the solar system that would
benefit from study using a device with a small FOV. The first area is the study
of comets and in particular their tails. As stated in section 4.5.1 these objects
can tell us about the formation of the solar system. The report states there are
around 30 per year that are bright enough to study spectroscopically using 4m
class telescopes. The second area is the atmospheres of planets. Whilst this has
been an active area of research for many years further study allows us to probe
the composition and dynamics of the atmospheres to greater levels.
4.5.4 Planetary candidates
Both the ASTRONET and ReSTAR reports included identification and classi-
fication of extrasolar planets as areas of interest. The first exoplanet around
a main sequence star was discovered using spectroscopy in 1995 [95] and since
then the number of candidates has grown rapidly (around 1800 at the time of
writing). In recent years the transit technique has reached maturity and is de-
livering lots of candidates due to surveys such as SuperWASP and HAT, and
space missions such as COROT and Kepler. Despite this, spectroscopy surveys
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on instruments such as SOPHIE and HARPS are still heavily used, not only
to detect planets, but also to confirm candidates and constrain parameters on
already discovered planets. The ASTRONET report identified that stable spec-
trographs of R = 100,000 to achieve > 1m/s precision in the optical would allow
more candidates to be detected and classified. If the IPS could be proven at
these wavelengths and resolutions it would be very useful.
The ASTRONET report also identified the need for stable R = 70,000 spec-
trographs (again> 1m/s precision) in the near IR. This would allow examination
of the smaller stars with increased sensitivity to planets, in an area where the
star to planet flux ratio is lower. This is ideally suited to current IPS technolo-
gies,which are mainly designed from telecommunications wavelengths. The IPS
also has the potential to increase the stability of these spectroscopic surveys
by slicing to the diffraction-limit. This means the modal noise associated with
multimode fibres is rearranged into the spatial axis, removing a source of noise
and increasing the precision of the instrument.
4.5.5 Nearby Stars
Both the ASTRONET report and ReSTAR report identified that investigations
of nearby stars with high resolution spectrographs would be an important area
of research. Determining the chemical high spectral resolution spectroscopy
could be used to determine the chemical composition and dynamical properties
of these. Examining the chemical composition could be used to help further
constrain the evolutionary models of stars, particularly if studying the whole
life cycle. Studies of the dynamical properties would allow better understanding
of the dynamics of our galaxy.
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Science Number Wavelength Resolution Telescope
Case of Spaxels Range size
Solar system objects 1 Vis & NIR Low, high 4m
Brown Dwarfs 1 NIR Low 4m
Variable stars 1 NIR Low > 2m
Exoplanet 1 Vis & NIR High 4m
Nearby Stars 1 Vis & NIR High > 2m
Table 4.2: Parameters for the IPS science cases. The number of
spaxels is the number of spatial samples, the wavelength ranges are
either Visible or Near IR, the resolution domains are defined at the
start of this section and the telescope size is the minimum size in
the reports that would be useful for observations.
4.6 Conclusions
We have used simplified models for both a conventional echelle model and an IPS
model to simulate the size and number of detector pixels of GNIRS on Gemini.
We have then varied spectral resolution, telescope diameter, sample size and
FOV. Our results are presented in terms of the scale length (cube root of the
volume) of the instrument and the number of detector pixels the instrument will
require. Our findings suggest that photonic spectroscopy would be most useful
on instruments with diffraction-limited seeing, or a small telescope. The is also
potential for the IPS to be useful in high resolution spectroscopy, provided the
devices can be made. We find that the IPS instrument will be on the same
magnitude in terms of size as a conventional spectrograph, but will have more
detector pixels if the input is not diffraction-limited.
From this we examined which science cases put forward by the ASTRONET
report [90] and the ReSTAR report [91] were near diffraction-limited, had a
small FOV and were in the near IR. We found that there are multiple cases for
the development of the IPS at both low and high spectral resolution. If an IPS
could be shown to be cheaper and more stable than a conventional spectrograph
then it could complement or replace certain types of instrumentation on existing
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telescopes.
Chapter 5
Alternative designs for the
IPS
5.1 Introduction
In this Chapter we propose methods to improve upon the design of the IPS sys-
tem by modifying current AWG technologies. We assume modular instruments
containing a single spaxel and make use of both conventional and photonic tech-
niques. Where an AWG is used we assume that the input and output waveguides
(or first and final faces for a tandem concept) have been removed to optimise
spectral resolution. We present a table summarising the concepts and then
conclude with our preferred instrument concepts.
5.2 Methodology
We shall use the following metrics in our examination
• The throughput of the system T. This includes all the components
91
CHAPTER 5. ALTERNATIVE DESIGNS FOR THE IPS 92
of the system excluding the telescope coupling and detector efficiency. It
also ignores the wavelength-dependence of the system.
• The spectral resolving power, R (≡ λ/δλ, where δλ is the spectral
resolution). The maximum for a diffraction-limited spectrograph is R∗ =
mN, where m is the diffraction order and N is the number of waveguides
in the AWG or the number of illuminated rulings on a grating.
• The Free Spectral Range F of the device, for a conventional AWG
with a spectral resolution of R≈20,000 this will be of order 40nm. With
current manufacturing techniques the AWG is restricted in size to around
8”. As such an AWG will be restricted in the FSR and spectral resolution
it can achieve [63].
• The number of pixels required to sample the output spectra NP .
This influences the total cost of the instrument. It will be dependent
on the number of modes produced by the PL and how the spectra are
arranged on the detector. The minimum per spaxel will be Pmin, which
corresponds to the Nyquist-Shannon limit.
• Number of AWGs or spectrographs per spaxel, NAWG or NS. This
will be dependent on the number of modes that can be input into each
AWG or spectrograph and will influence how much the final instrument
costs.
• The instrument size per spaxel. This is the approximate size of the
instrument per input spaxel. This is an estimate based on the rough size
of the components.
• The manufacturability. This will depend on the components used.
Most of the concepts described here use existing manufacturing methods,
although some are more commonly used than others.
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We shall use the following symbols and values for our components.
• TPL : In lab conditions the fibre PL has been shown to have throughput
up to ≈ 90%, though so far this has not been replicated on sky.
• TAWG : The throughput of the individual AWG, which we take as 75%,
consistent with tests in laboratory conditions. [5]
• TREF : This is the throughput of the reformatter used to rearrange the
single modes. This can be achieved using technology such as ULI [96] to
form a slit. We assume a throughput of 75% which is consistent with in
laboratory tests for ULI reformatters.[13].
• TOPT : The throughput of additional optics for re-imaging. This is de-
pendent on the type of optics used and the number of components. We
assume a throughput of 90%.
• TX : The throughput of cross dispersion optics. This will vary depending
on the type of cross dispersion used, but we assume 75%.
• TS : The throughput of a conventional spectrograph. We assume 75%,
the same as an AWG.
• M : The number of spatial modes (not including polarisation) per spatial
sampling element, or spaxel. If the input is diffraction-limited, M will
equal one. If the input is from a larger seeing-limited telescope, M will
scale with the diameter of the telescope squared [17].
• Pmin: The minimum number of pixels required to sample a spaxel using a
set FSR at a set spectral resolution in a conventional spectrograph. This
corresponds to the number of spectral resolution elements multiplied by
the Nyquist-Shannon sampling limit (2 samples per element).
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• Q: The number of single mode inputs per AWG. For most of the concepts
this is an estimate and would require further research to determine more
accurately.
5.3 Design options using AWGs
5.3.1 Single input design
The single input concept for an IPS was first explored by reference [3]. Since this
was designed as a demonstrator, it is not fully optimised; however it provides a
good reference for comparison.
In the device a PL samples the PSF from the telescope. This splits the light
into multiple single mode fibres, each of which feeds an AWG. The light from
each AWG is sampled by a detector (which can be coupled to the end of the
AWG, e.g. [97]). This concept is shown in figure 5.1.
The overall throughput will be TPLTAWG, which using our estimated values
yields ≈ 68%. The spectral resolving power will be R∗/C, where C is a factor
accounting for errors, meaning the AWG does not achieve diffraction-limited
performance [63]. Whilst there are no current explanations in the literature
about why this is the case, several reasons may include errors in waveguide
lengths and widths, differences in refractive index within the chip and errors
when coupling to the devices. The lowest current value of C is 1.6[63]. The
FSR is set to FAWG which is around 40nm for a standard instrument.
Since light from each spaxel will be split into separate spectra the number
of pixels required to sample the spectra will be MPmin resulting in the over-
sampling of the spectra by a factor of M. The number of AWGs per spaxel will
also be M, similar to a conventional spectrograph design, or larger if the input
is far from the diffraction limit (see [17]). There are no known issues with the
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manufacture of these devices, as all the components currently exist.
Figure 5.1: The single input design. A PL (not shown) reformats
light from the telescope into single modes. Each single mode fibre
feeds a conventional AWG which then disperses the light onto a
detector. This detector can be linear if placed at the end of the
AWG, or part of a 2D array if the output is re-imaged (not shown).
Although it shows the basic functionality required for an astronomical in-
strument, this design is not optimised for astronomical applications due to its
limited FSR and the single input per AWG.
5.3.2 Tandem AWG design
This is a design proposed in the telecoms industry [79, 98] to increase the FSR
of AWG devices. In astronomical applications a PL will be required to sample
the telescope PSF. These will be fed to a single broadband AWG (or other
dispersive component), which separates a large FSR into chunks. These are
then sent to a second line of AWGs which disperse the light at a high spectral
resolution onto a detector. This concept is shown in figure 5.2.
The throughput of the system will be lower than that of the single AWG de-
sign due to the extra AWGs. In theory this should be TPLT
2
AWG, which with our
estimates yields ≈ 51%, although reported throughputs are less than 10%[79].
Note that although this looks an attractive prospect the current instruments
show very low throughput. The spectral resolving power is only dependent on
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the second row of AWGs, so remains at R∗/C. The FSR is greatly improved
from the single AWG design, resulting in approximately NCFAWG, where NC is
the number of cascaded AWGs.
The number of pixels will be MPminNC due to each mode requiring a set
of cascaded AWGs. The number of AWGs per spaxel will be M (NC + 1) for
the same reason. Whilst the design removes the limits on FSR imposed by
individual chip size we now have an increased number of AWGs. This means
the total size is of the same order as a conventional or photonic instrument,
with the same spectral resolution and FSR. As with the single input concept
all of the technology has been tested, although it is not currently in common
production within the telecommunications industry.
Figure 5.2: The tandem AWG design. A PL (not shown) refor-
mats light from the telescope into single modes. These single mode
inputs are then split by wavelength within an initial AWG. This
produces multiple single mode fibre outputs containing different
wavelength ranges. These are fed into separate AWGs which dis-
perse the spectra onto detectors.
The use of the tandem design allows for larger FSR than the single input
AWG, potentially making it more suitable for astronomy. Due to the tandem
nature the throughput of the device will be reduced. There are also still spectral
oversampling problems if the device is not fed by a diffraction-limited input.
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5.3.3 Multiple inputs per AWG, with a cross dispersed
output
In this design, multiple modes are arranged at the input of a conventional AWG.
For astronomical applications the system will require a PL to sample the tele-
scope PSF. These are then dispersed in the AWG and the resulting spectra
cross dispersed using a separate dispersive element at the output end of the
AWG. This was first explored by [5] and is shown in figure 5.3.
The throughput of the central input is TPLTAWGTX, which with our es-
timates yields ≈ 51%. However experiments have shown this is reduced for
inputs which are not located at the centre of the AWG [5], as such the total
throughput will be < 51%. The spectral resolving power shows a similar pattern
with R = R∗/C for the central input and reduced for others. Current designs
have set the FSR to be FAWG, though with modification the cross dispersion
could potentially be used to access other spectral orders allowing a greater FSR.
The number of pixels per spaxel will be greater than MPmin, most likely due
to gaps in the spectra on the detector. The number of AWGs per spaxel will
be dependent on the number of inputs per AWG, M /Q. The size was recently
shown to be larger than conventional spectrograph or IPS due to the addition
of extra components [17]. All of the technology is currently developed and the
concept has been demonstrated [5].
It should also be noted that the device could be used without cross disper-
sion, this would require two different conditions. First the FSR could be reduce
and the inputs separated such that there was no overlap between the resulting
spectra. This would likely lead to losses in both throughput and resolution
as the inputs were moved off axis (such as those in [5]). The second involves
using energy resolving detectors such as those mentioned in section 2.2.1, this
would greatly reduce the size of instruments. However current devices have low
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resolutions (R ≈ 10), which are too low for current AWG devices.
Figure 5.3: The cross dispersed AWG design. A PL (not shown)
reformats light from the telescope into single modes. Multiple sin-
gle modes are input to a single AWG. The resulting spectra are
then cross dispersed at the output end using additional optics (not
shown for clarity) onto a 2D detector.
This design reduced the number of AWGs, but requires additional optics
to be added to the design, meaning the device is no longer fully integrated.
Additionally the spectral oversampling remains large for inputs that are not
diffraction-limited.
5.3.4 AWG with slit input
This concept uses multiple modes in single AWG (in a similar manner to the
cross dispersed option), but with the inputs closer together in the form of a slit.
This is then dispersed within the AWG, with a degraded spectral resolution due
to the increased width of the slit. For astronomical applications this will require
a PL to sample the PSF from the telescope and a reformatter to make the slit.
This will then need to be integrated with the AWG and the output fed to a
detector. The concept is shown in figure 5.4.
The throughput will be TPLTREFTAWG, which with our estimates yields ≈
51%. The spectral resolving power will be degraded due to the increased slit
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width and there is also potential for it to be degraded due to modal interactions.
Whilst the precise factor needs to be examined through simulations of the modes
within the slit, the spectral resolving power should be approximately R∗/CQ.
The reduction in spectral resolving power would be similar in a conventional
spectrograph with a similar input, though this would not be done in conventional
spectroscopy. As with the single AWG the FSR is set to FAWG.
The number of pixels per spaxel can be reduced to Pmin and as with the single
input option the AWG can use a linear detector instead of a two-dimensional
device. The number of AWGs per spaxel will be M /Q. Although this concept
initially reduces the instrument size per spaxel, to maintain the same spectral
resolution as other concepts the AWG need to increase in size, resulting in a
similarly sized instrument.
Figure 5.4: The AWG with slit input design. A PL (not shown) re-
formats light from the telescope into single modes, which are then
reformatted into a long slit. This would then be attached to the
AWG parallel to the axis of dispersion. This would then be dis-
persed, with the length of the slit reducing the spectral resolution
compared to a conventional design.
This design trades spectral resolution and stability for simplicity. All of
the components are integrated which has the potential to make a robust low
resolution spectrometer.
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5.3.5 Thickened AWG with slit input
This involves increasing the thickness of the AWG. This allows an input that is
multimode in the spatial direction, but single-moded in the spectral direction.
To manufacture the concept would require laying a thicker layer of the core
material, then etching the structure for longer than for a standard AWG. For
astronomical applications a PL would be required to accept the light from the
telescope, this would then have to be reformatted before being fed to the mod-
ified AWG. This would then disperse the output onto a detector. The concept
is shown in figure 5.5.
The throughput will be TPLTREFTAWG, which with our estimates yields ≈
51%. The spectral resolution will be degraded by the extra modes. These
additional modes would have differing effective indices, reducing the spectral
resolution of the device. The limit will tend to nmax/(nmax − nmin) as the
diffraction order tends to infinity, here nmax and nmin are the maximum and
minimum effective indexes of the input modes, the calculation for this is shown
in appendix 8.1. As with the single AWG the FSR is set to FAWG.
Provided that light from all the modes can be directed into the pixels of a
linear detector array (which may be rectangular), the number of pixels can be
as low as MPmin/Q. The number of AWGs per spaxel will be M /Q. As with
the slit input concept, the spectral resolution is decreased. To maintain the
same spectral resolution as other concepts the size will have to be increased,
resulting in a similar sized instrument. There are also potential difficulties with
the manufacture of these devices due to the depth of the core layer.
This concept retains an integrated design, though creates a degradation in
resolution due to differing effective modal indices. It has the potential to re-
duce the spectral oversampling, although there is considerable uncertainty over
whether the concept can be manufactured. This design is best used for low
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Figure 5.5: The thickened AWG design. A PL and reformatter (not
shown) couples light from the telescope into single modes, which
are then reformatted into a long slit. This slit is then joined to a
modified AWG perpendicular to the spectral direction. The light
is then dispersed and sampled by a coupled detector.
spectral order (and hence low resolution) operation due to its asymptotic limit
on spectral resolution.
5.3.6 Angled AWG stack
This involves polishing multiple AWGs at an angle. These are then stacked,
focussing all of the outputs on a detector. For astronomical applications it will
require a PL to sample the telescope PSF. This will feed all of the AWGs which
will disperse light onto a detector. The concept is shown in figure 5.6.
The throughput would be TPLTAWG, which with our estimates yields ≈
68%. However detector efficiency reduces with angle, which will reduce this
value. This reduction is low at small angles and rapidly increases as the angle
increases [99]. The spectral resolving power will be up to R∗/C, although this
requires all the output spectra to be focussed at the same point. This will be
dependent on manufacturing tolerances and may be difficult to achieve. As with
the single AWG the FSR is set to FAWG.
The number of pixels per spaxel will be at least Pmin, depending on the
dimensions of the pixels used. The number of AWGs per spaxel will be M.
The size will be smaller than single input devices due to the removal of the
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cladding, though still of the same order as conventional instruments. There may
be interference between modes as the outputs are brought together resulting in
the formation of speckles with a consequent degradation of spectral resolution.
There are also concerns as to whether the AWGs can be polished to the required
thickness without breaking as this concept will require the output end to be tens
of microns thick.
Figure 5.6: The angled design. A PL (not shown) reformats light
from the telescope into single modes, which are then reformatted
into a long slit composed of single modes. These are fed to a stack
of modified AWGs. These disperse the light and focus the resulting
spectra on a point or small area on the detector.
Theoretically this has a lot of advantages, as it allows the device to be made
smaller by the reduction of the cladding in the AWG and reduces the amount of
pixels needed. In practise there may be degradation of resolution due to modal
interference and manufacturing errors. This makes it a less attractive design
option.
5.3.7 Multiple stacked AWGs focussed onto Detector (stacked)
This involves focussing the outputs of multiple AWGs onto a detector using
a cylindrical lens as proposed in [72]. For astronomical applications it would
require a PL to sample the PSF from the telescope. This would feed multiple
stacked AWGs with their outputs focussed onto a detector using a cylindrical
lens. The concept is shown in figure 5.7.
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The throughput will be TPLTAWGTOPT which, with our estimates yields ≈
61%. The spectral resolving power will be up to R∗/C, provided the result-
ing spectra from the AWGs can be overlapped on the detector without modal
interactions. As with the single AWG the FSR is set to FAWG.
The number of detector pixels will be at least Pmin depending on the dimen-
sions of the pixels used. The number of AWGs per spaxel will be M. The size
will be larger than the single-input AWG option due to the extra components
in the system.
Figure 5.7: The stacked design. A PL (not shown) reformats light
from the telescope into single modes. The single mode fibres feed
a stack of AWGs which disperse the light. The outputs are then
focussed using a lens onto a detector.
This option may suffer from problems with modal interactions as multiple
spectra are focussed onto the detector. It is not a fully-integrated photonic
system due the addition of the cylindrical lens. It has the potential to reduce
the oversampling problem using conventional, off the shelf components.
5.3.8 Multiple inputs in a modified AWG
This requires multiple inputs per chip in a similar way to the thickened design,
but would leave enough space for the modes to have the same effective index.
This would be achieved by depositing a layer of core material, then etching the
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structure and repeating the process to build up multiple layers. For astronomical
applications this would require a PL to sample the PSF from the telescope,
multiple modes would then be input into a single AWG. The output of this
would then illuminate a detector. The concept is shown in figure 5.8.
The throughput should be TPLTAWG which, with our estimates yields ≈
68%. The resolving power will be R∗/C. As with the single AWG the FSR is
set to FAWG.
The number of detector pixels for this concept will depend on the size of the
pixels and the distance between modes. If rectangular pixels were used this could
reduce the total number of pixels, although this requires investigation. As such
the number of detector pixels will be at least MPmin/Q. The number of AWGs
per spaxel will be M /Q. The size will be smaller than the stacking concept due
to thinner cladding layers than between individual AWGs. Investigations would
have to be undertaken to see if modified AWGs can be etched deep enough. If
rectangular pixels are to be used then the individual layers within each AWG
would need to be manufactured to very tight tolerances to maintain spectral
resolution.
Figure 5.8: The multiple inputs per AWG design. A PL (not
shown) reformats light from the telescope into single modes. These
are then reformatted to a long slit which is then input into a mod-
ified AWG. This disperses the light which is coupled to a detector.
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This concept has the potential to reduce the size, and redundant oversam-
pling. However, it requires the redesign of AWGs which may not be possible.
It also requires all the stacked AWGs to be manufactured to tight tolerances,
otherwise there is potential to degrade the resolution of the device.
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5.4 Non-AWG concepts
We now turn our attention to concepts that use conventional optics to disperse
the output from a PL or lantern/reformatter combination. This is in essence
a new form of image slicing, which is most applicable when the input is near
diffraction-limited. This retains the advantage of using single mode components
whilst also using existing technologies developed for astronomy.
5.4.1 Individual single modes
Here light from the telescope is fed to a conventional spectrograph using single
mode fibres in the form of a slit (PIMMS#1 as proposed by [72]). For astronom-
ical applications a PL is required to sample the PSF from the telescope, which
are rearranged into a slit. This is then fed into a conventional spectrograph.
The concept is shown in figure 5.9.
The throughput will be TPLTS which with our estimates yields ≈ 68%. The
spectral resolution will be R∗. The FSR will be set by the spectrograph design.
The number of detector pixels will depend on how small the slit can be made,
but will be greater than MPmin/Q. The number of spectrographs per spaxel
will be one, provided the optics can accommodate the length of the slit. The
size will be the same as a conventional spectrograph, as we are image slicing to
the diffraction-limit (e.g. chapters 3 and 4 and [76, 17, 88]).
This concept takes advantage of the flexibility of photonic technologies with
the benefits of the conventional spectrograph. Depending on manufacturing
techniques this may be an attractive option, although if the modes can be
brought together then the number of pixels could be reduced. This is explored
in the next concept.
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Figure 5.9: The individual single mode feeding a spectrograph de-
sign. A PL (not shown) reformats light from the telescope into
single modes. These are then reformatted into a long slit com-
posed of single modes, which are then dispersed in a conventional
spectrograph.
5.4.2 Long Slit
Here light from the telescope is reformatted into a long slit but with no spaces
between modes. This has been recently demonstrated by [19]. For astronomical
applications it uses a PL to reformat the PSF from the telescope and a refor-
matter (either fibre or ULI) to arrange them into a slit. The concept is shown
in figure 5.10.
The throughput will be TPLTREFTS which with our estimates yields ≈ 51%.
The spectral resolution will be R∗. The FSR will be set by the spectrograph
design. The number of detector pixels will be MPmin/Q. The number of spectro-
graphs per spaxel will be one, provided the optics can accommodate the length
of the slit. The size will be the same as a conventional spectrograph, as we are
image slicing to the diffraction-limit (e.g. chapters 3 and 4 and [76, 17, 88]).
The concept is similar to the above slit composed of separate single modes,
but could take up less space on the detector. Care needs to be taken when
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Figure 5.10: The long slit conventional spectrograph design. A PL
(not shown) reformats light from the telescope into single modes.
These are then reformatted into a long slit which is then dispersed
in a conventional spectrograph.
bringing the slit together that light is not lost due to modal interactions.
5.4.3 Tiger Concept
This uses the multicore output from a PL to feed a conventional spectrograph
(as proposed by [73]). For astronomical applications it uses a PL to reformat
the PSF from the telescope, this is not reformatted but separated out into single
modes. These single modes are then dispersed by conventional optics. These
are rotated to make sure the resulting spectra do not overlap. The concept is
shown in figure 5.11.
The throughput will be TPLTS which with our estimates yields ≈ 68%. The
resolution will be R∗. The FSR will be set by the spectrograph design. The
number of detector pixels will be MPmin. The number of spectrographs per
spaxel will be one, provided the optics can accommodate the length of the slit.
The size will be the same as a conventional spectrograph.
This concept has potential for use in astronomy, though suffers from spectral
oversampling when the input to the device is far from the diffraction limit.
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Figure 5.11: The Tiger concept. A PL (not shown) reformats light
from the telescope into single modes. These are then fed to a
conventional spectrograph and dispersed so that the spectra do
not overlap.
5.5 Concepts summary
We summarise the values of our metrics in tables 5.1 and 5.2. All of the above
concepts had similar results in estimated throughput, with the single input, an-
gled, multiple input per AWG, individual modes and Tiger concepts showing
the highest values of 68%. This is our least accurate metric as components in
the field are rapidly improving and the results they achieve are very dependent
on wavelength and atmospheric conditions. The spectral resolution is high for
all concepts, with the exception of the cross dispersed, slit input and thickened
concept, which were reduced either due to off axis inputs or a slit input. The
cross dispersed, slit, thickened and multiple AWG concepts reduced the num-
bers of AWGs, potentially reducing the cost. The cross dispersed, tandem and
conventional spectrograph concepts allow a greater FSR, which would be useful
in certain areas of astronomy. All the concepts are similar in size if required
to have the same science requirements (e.g. spectral resolution, mode count).
As such we believe manufacturability is the most important factor in concept
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design.
5.6 Conclusions
In this Chapter we have examined various design concepts for the IPS. We have
looked at their relative strengths and weaknesses in terms of throughput, spec-
tral resolution, FSR, number of detector pixels required, the number of AWGs
or spectrographs required, the instrument size per spaxel and any additional
difficulties with manufacture. All of the concepts described here tradeoff with
the above metrics. As such the science case will determine which is most useful
within astronomy.
Due to the simplicity of manufacture and number of pixels, we have two
preferred concepts. Our first preference is for the AWG with slit input as it uses
existing technologies and could potentially provide low resolution integrated
spectrographs, though with a limited FSR. The second is the long slit with a
conventional spectrograph behind. It reduces pixel numbers and is very similar
to existing concepts. Both of these concepts require the demonstration of an
efficient lantern/slit reformatter.
Finally, we note that there are areas including spatial filtering [100] and spec-
tral stability which we have not explored here where photonic components could
provide additional advantages, these would also need to be made to match the
science cases. There are also technologies that could provide new improvements,
such as energy resolving sensors that could be used instead of cross dispersion
(e.g. [101]). These would also need to be considered in future science cases and
instrument designs.
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T Qmax NS NP R FSR
Individual modes 68% M 1 MPmin R
∗ FSRS
Long Slit 51% M 1 Pmin R
∗ FSRS
Tiger 68% M 1 MPmin R
∗ FSRS
Table 5.2: A summary of all the proposed concepts using a photonic
input and a conventional spectrograph. T is the overall throughput
of the system, Qmax is the estimated maximum inputs per spectro-
graph, which is estimated from the size of current AWGs or devices,
NS is the number of spectrographs, NP is the number of pixels per
spaxel, R is the resolution of the device and FSR the Free Spectral
Range.
Chapter 6
The photonic-dicer
6.1 Introduction
In this chapter we present the fabrication and testing of the photonic-dicer chip,
which reformats the PSF from a telescope into a single mode slit input for a
spectrograph. This was tested in conjunction with the CANARY AO system
[102] on the WHT in La Palma.
Many modern instruments reformat the PSF from a telescope (e.g. using
the image slicing techniques mentioned in chapter 2), however, in general, the
output of the reformatter is not diffraction-limited. This means that there may
be variations in the input to the spectrograph, resulting in uncertainties on
measurements at the output. Solving this using photonic components has been
suggested within the community (e.g. [72, 103, 104, 105]). There have also
been several demonstrations of similar concepts to ours, both in the lab (e.g.
[105]) and on-sky (e.g. [88, 12]). This is the first demonstration where ULI has
been utilised on a telescope in this manner. It is also the first demonstration
of coupling photonic technologies to an AO system. Future demonstrations will
113
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be essential to increase the throughput. This will be done by better matching
the output of the AO system to the number of modes in the photonic-dicer (see
previous chapters), making them viable for future instrumentation.
The photonic-dicer consists of multimode input which samples the telescope
PSF (here the PSF from CANARY) and reformats it into a single mode slit (see
figure 6.3). In order to efficiently couple the light from CANARY into the chip
a re-imaging system was used to magnify the image. A beamsplitter was also
used to allow the PSF from CANARY to be simultaneously imaged.
Ultimately this would allow the reformatting of the corrected PSF from the
telescope to form a diffraction-limited slit to a high resolution astronomical
spectrograph or a low resolution photonic one. This is illustrated in figure 6.1
The device was fabricated at Heriot-Watt University in the summer of 2013
and tested on the WHT with the CANARY AO system in September of that
year. This chapter is based upon [19] and although all of it is my own work
it is in collaboration with the authors of that paper. In particular, an equal
contribution in all areas was made by David G. MacLachlan, with whom the
device was co-fabricated.
6.2 Methods
Here we describe the design of the experiment, we briefly outline the fabrica-
tion of the photonic dicer, and the alignment and optimisation procedure on
CANARY.
6.2.1 Photonic-dicer design parameters
The photonic-dicer was designed to approximately match the Full Width Half
Maximum (FWHM) of the PSF from CANARY. In order to do this we took
images supplied by the CANARY team (e.g. [106]). These images were averaged
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Telescope AO Dicer Spectrograph
PSF
PSF Slit
SpectrumUncorrected
Figure 6.1: Concept for the photonic-dicer system. The top set of
images shows the devices and the bottom set show the outputs. The
telescope feeds an uncorrected PSF to the AO system. This feeds
the corrected PSF to the photonic-dicer, which reformats it into a
long slit. This diffraction-limited slit feeds a spectrograph. Top left
image courtesy of the ING, second left from Lawrence Livermore
National Laboratory and NSF Centre for Adaptive Optics, second
right from [19] and top right from BWTEK.
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and the maxima of the averaged images found. The PSF was then azimuthally
averaged to allow the calculation of the FWHM. The averaged image and the
azimuthally averaged profile are plotted in figure 6.2, the FWHM is shown as a
red horizontal line and is approximately 450-480mas.
These results were used to estimate the number of modes that would allow
the FWHM to be coupled to the photonic-dicer. To calculate this we took the
diameter of the WHT, which is 4.2m, the central wavelength resulting from the
passband of our filter (A KMOS H band filter) and the response of our Xenics
Xeva -1.7 320 InGaAs camera, which is 1450nm, and combine it with equation
2.37. This yields approximately 25 spatial modes.
In order to cover differing values of seeing at the telescope we decided to
manufacture a chip containing several devices, from a single mode up to around
50 modes. To keep the design and manufacture of the photonic-dicer simple we
opted for a square input design. This is not an optimal shape for the CANARY
PSF, which would have an ideal shape of a airy function (see figure 6.2). This
would result in lower coupling, due to the mode shape mismatch (square mode
profile vs circular mode profile). In addition coupling to the FWHM results in
some of the light being lost (overfilling the aperture). We manufactured devices
with 1, 4, 9, 16, 25, 36 and 49 modes arranged in a square. The separation
between the modes was then increased and the individual columns shifted hori-
zontally to allow the waveguides to be rearranged into a slit. The 6x6 design is
shown in figure 6.3, with the others following a similar pattern.
6.2.2 Chip writing
The photonic-dicer was written using ULI (e.g. (see [107, 108, 109, 110, 67, 12] )
at Heriot-Watt University in collaboration with David MacLachlan. This section
is taken from [19] and is included for completeness. The full fabrication details
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Figure 6.2: The sample CANARY data. a) The averaged CANARY
PSF. b) The azimuthally averaged intensity profile of the PSF.
The red line is the FWHM of the PSF, which intercepts at about
240mas.
and characterisation of the photonic-dicer will be communicated in MacLachlan
et al. (in prep) and the thesis of David MacLachlan.
The substrate used to fabricate the photonic-dicer structures was a borosil-
icate glass (Corning, EAGLE 2000). Optical waveguides were inscribed using
460 fs pulses from a Fianium Femtopower 1060 femtosecond laser, operating at
repetition rate of 500 kHz and a central wavelength of 1064nm. The waveg-
uides were inscribed in the transverse inscription geometry using the multiscan
technique [111]. Each single-mode waveguide was inscribed using 21 scans, with
each scan separated by an offset of 0.4 µm. The pulse energy used was 251
nJ, with the pulses focused at a depth of ≈ 200 µm beneath the surface using
a 0.3 NA aspheric lens. The inscription beam was circularly polarized. The
substrate was translated through the beam focus at a speed of 8 mm s−1 using
cross roller-bearing xyz translation stages (Aerotech ANT130). As shown in
figure 6.3 (a) the multimode entrance to our photonic-dicer is constructed by
bringing 36 single-mode waveguides together with a centre-to-centre separation
of 8.4 µm to form a square multimode waveguide supporting ≈ 6 spatial modes
in each orthogonal axis. As shown in figure 6.3 (g), the pseudo-slit output of the
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Figure 6.3: The 6x6 photonic-dicer. (a) The input facet to the
input of the 6x6 dicer, here shown under a transmission micro-
scope. Image of the facet when injected using (b) 1320 nm and
(c) 1580 nm light. (d) Diagram of the dicer configuration, here the
waveguides are colour coded. Monochromtically excited light at (e)
1320 nm and (f) 1580 nm. (g) Image of the reformatted slit, here
shown under a transmission microscope. Scale-bar for each image
represents 50 µm. Created by Debaditya Choudhury.
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photonic-dicer is constructed by reformatting the 36 waveguides into a single
linear array with a centre-to-centre separation of 8.4 µm.
6.2.3 Experimental Design
In order to test the photonic-dicer on-sky with a changing telescope input two
simultaneous images were required. Firstly the output of the chip needed to
be re-imaged onto the detector, to measure the throughput of the system and
observe how it changed with time. Additionally a reference arm was needed to
simultaneously image the PSF from CANARY in order to calibrate the through-
put of the photonic-dicer and examine how variations in the input affected the
output. A beamsplitter was used to reflect ∼10% of the light into the reference
arm whilst the rest was passed to the photonic-dicer. To maximise throughput
the system was also designed to be telecentric. This was achieved by arranging
the lenses in a 4f configuration [112]. The experimental design is shown in figure
6.4 and described in detail below.
Due to space constraints a 200mm focal length lens (L1) was used to col-
limate the output from CANARY. Nintety percent of the light then passed
through a beamsplitter and was re-imaged by L2. Ideally assorted L2 lenses
would have re-imaged the PSF directly onto the photonic-dicer. However as de-
scribed in section 6.2.1 there were different sized devices on the photonic-dicer
chip (due to differing numbers of modes). This required seven different magni-
fications to allow the FWHM of the PSF to be re-imaged onto the chip surface
and no commercially available combinations of L1 and L2 could be found to fit
within the CANARY space envelope and produce the required magnifications.
As such an identical 200mm focal length lens (L2) was used to re-image the
CANARY output while creating minimum aberrations. A telescope (L3 and
L4) was then used to change the magnification. To reduce the risk of damaging
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the photonic-dicer it was decided to make L3 variable. The appropriate mag-
nifications for the different photonic-dicers were calculated and the lenses used
for L3 are listed in table 6.2.
Due to the different focal lengths of L3 the whole experiment had to be
mounted on a sliding breadboard with a micrometer used for calibration (see
figure 6.5). To ensure the correct spacing between all the lenses the system was
first collimated using all lenses up to L3. The position of the breadboard was
measured by the micrometer and noted. The correct separation between L3
and L4 was also measured by removing L2 and collimating the beam from L4.
When changing L3 the values could be looked up to ensure the correct spacing
between the optics.
The output of the photonic-dicer was re-imaged by L5 and L6. These lenses
were chosen so that the largest dicer slit (around 400µm) could be re-imaged
onto the camera.
The reference arm consisted of the same first lens (L1). Around 10% of the
light from this was then reflected from a beamsplitter and was re-imaged by L7
and L8. This combination of lenses provided a magnification of 4.3, giving the
reference arm a plate scale of 19.5 arcseconds per mm.
In order to calibrate the throughput the experiment was designed so that
the photonic-dicer could be removed easily. All on-sky images were taken with
the chip in place and then the photonic-dicer was removed and reference images
taken. The reason for this will be fully explained in section 6.4.1.
6.3 CANARY
This section appears in [19] and is included for completeness.
CANARY is an on-sky AO demonstrator system that was developed to inves-
tigate novel AO instrumentation and control techniques that will be required for
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Figure 6.4: The on-sky experimental setup. The light from the
William Herschel Telescope is corrected by the CANARY Adaptive-
Optics system, reducing the PSF to a few modes. The light of less
than 1000nm is passed to a wavefront sensor and the rest of the
beam to our experiment. L1 collimates the light which is then
passed to a beam splitter. 10% of the light (in blue) is fed to the
reference path (here in red) and L7 and L8 re-image the PSF to the
camera. The other 90% of the light is refocussed by L2 and then the
magnification changed by L3 and L4. The light is injected into the
input facet of the photonic-dicer. The reformatted output is then
collimated by L5 and re-imaged by L6. All the fold mirrors are used
for alignment. WHT image courtesy of the Isaac Newton Group of
Telescopes, La Palma. Image created by Debaditya Choudhury.
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Item Thorlabs Part No Focal length (mm)
L1 LA1509 100
L2 LA1509 100
L3 Assorted see table 6.2
L4 C660TME-C 2.97
L5 A397TM-C 11
L6 AC254-200-C 200
L7 LA1978 750
L8 LA1464 1000
FM1-4 TBD ∞
FL5 TBD ∞
Table 6.1: Table of the lenses and mirrors used on-sky. L1 to L6
are all in the main arm of the experiment. L1, L7 and L8 are
the reference arm. All components are from the Thorlabs online
catalogue.
Thorlabs Part No Focal length Magnification Plate Scale
(mm) at chip (” mm−1)
C260TME-C 15.29 0.19 23.89
A375TN-C 7.5 0.4 11.35
C430TME-C 5 0.59 7.69
C350TME-C 4.5 0.66 6.88
C660TME-C 2.97 1 4.54
C392TME-C 2.75 1.08 4.20
C150TME-C 2 1.49 3.05
Table 6.2: Table of L3 lenses. The magnification at chip is com-
pared to the output from CANARY. The plate scale is calculated
using the WHT plate scale of 4.54 ” mm−1 as the initial value. All
components are from the Thorlabs online catalogue.
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Xenics
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Figure 6.5: Picture of the on-sky experiment. L1 and L2 are not
shown here and are off above and to the left. The main arm is
visible on the left hand side. L3 collimates the beam, which is
imaged onto the photonic-dicer chip by L4. The output from the
chip is collimated by L5, reflected by FM3 and reimaged by L6. The
reference arm is also shown (middle right) and the Xenics camera in
blue. The micrometer is used to calibrate the breadboard position.
the next generation of ELT AO systems. For the work presented here, CANARY
was configured to provide closed-loop AO correction using an on-axis natural
guide star as the wavefront reference. Light with a wavelength >1000 nm was
sent to the multimode entrance of the photonic-dicer with visible wavelengths
directed to a 36 sub-aperture Shack-Hartmann Wavefront Sensor (WFS). The
WFS measurements were used to drive a 56-actuator deformable mirror and a
separate fast-steering mirror which could provide a partially corrected PSF at
a wavelength of 1500 nm. The WFS was placed behind the deformable mirror
measuring the residual wavefront error after correction. The deformable mirror
commands were calculated using a basic integrator feedback controller with a
closed-loop gain of 0.3.
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CANARY includes a range of sources that can be used when not on-sky to
calibrate and optimize system performance. For our purposes, a 1550 nm laser
was coupled into a single-mode fibre and placed at the input focal plane of CA-
NARY. Light from this calibration source passes through the CANARY optical
train (including the deformable mirror and fast-steering mirror) and the output
PSF is re-imaged onto the photonic-dicer multimode entrance using the setup
shown in figure 6.4. The PSF at the multimode input of the photonic-dicer
was then modified by changing the surface shape of the deformable mirror to
maximize the detected flux from the pseudo-slit output. To modify the PSF,
the AO-correction loop was engaged and static offset terms were artificially
applied to the measured WFS signals. These offset terms were automatically
adjusted through a process of simulated annealing [113]. The final WFS shape
that provided maximum throughput was recorded and used as a reference for
all subsequent on-sky operations.
CANARY was operated in three modes during data acquisition to investigate
the photonic-dicer performance under different degrees of AO correction. In
closed-loop mode, CANARY provided correction of both tip-tilt and higher-
order wavefront aberrations at an update rate of 150 Hz. Tip-tilt mode reduced
the integrator loop gain on the high-order modes to a small value (typically
0.001). In this way only tip-tilt was corrected, but the reference wavefront
was maintained without providing high-order AO correction. Open-loop mode
additionally reduced the gain on the tip-tilt correction to maintain the PSF in
the reference location for optimum coupling without providing high-frequency
AO correction.
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6.3.1 Optimising for CANARY
Initial alignment of the experiment was done using 633nm HeNe lasers. One
was a pencil beam used for alignment and the other re-imaged the pupil so
the distances between the optics could be calibrated. Once this was done the
system was optimised using the 1550nm alignment laser used by CANARY,
which produced a diffraction-limited PSF at the input to the system. A five
axis stage was used to align the entrance and exit facets of the photonic-dicer
and the throughput was measured using a power meter (the reference arm was
unused in this case). This was placed before and after the photonic-dicer and
two values divided. Differing combinations of devices and L3 lenses were used
to maximise the throughput of the chip.
With the photonic-dicer aligned the throughput was further optimised using
a simulated annealing routine [113]. The Xenics camera was used to re-image
the output from the slit whilst the routine put random patterns on the DM.
The pattern with the highest throughput was recorded and set as the ideal for
on-sky performance.
6.4 Results
Here we analyse our results taken on the night of the 13th September 2013. For
this experiment we used the lenses in table 6.1 and the 4.5mm focal length L3
lens shown in table 6.2. All the data was taken between 21:45 and 22:30 GMT.
The star selected was TYC1052-3027-1 from the Tycho 2 catalogue [114], a 3rd
magnitude star in the H-band. This star was chosen as it was bright enough
for short exposures, but not bright enough to saturate the CANARY wavefront
sensors. The seeing during the observations was recorded by ROBODIMM [115]
and was between 0.7” and 0.95” over the course of the observations (see figure
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Figure 6.6: ROBODIMM values of seeing for 13-09-2013 to 14-09-
2013. The scatter plot shows the recorded values of seeing recorded
by the ROBODIMM seeing monitor [115]. The red lines represent
the start and end of the observations for the photonic-dicer, other
data points are included for completeness.
6.6 for the values). As 0.7” is the median expected seeing for the site these
values represent median to poor seeing. As CANARY is designed for median
seeing this resulted in a degraded PSF compared to ideal conditions, even with
full correction applied. The science images were taken with three levels of
correction applied : Closed-loop, which was full correction. Tip-tilt, correcting
low order aberrations, and open-loop, which was no correction.
6.4.1 Data acquisition and reduction
All images were taken by the Xenics camera, with a 400µs exposure. Three
types of images were taken :
1. Science images. These were taken in all three AO modes (Closed-loop,
tip-tilt and open loop).
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2. Dark exposures. These were taken to allow background subtraction.
3. Reference images. These were taken for flux calibration. This was done
by removing the photonic-dicer and moving L5 to re-image the output from
L4. These images were taken with L5 in two positions. The first was out
of focus without the Neutral Density (ND) filter, which meant that the
arms had the same optics in place with and without the photonic-dicer.
The second was with the image in focus and an ND filter in place to stop
the camera from saturating.
Example science and reference images are shown in figures 6.7 (a) and (b) .
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Figure 6.7: Examples of science and reference images produced by
the photonic-dicer after background subtraction. a) The reference
arm (top object) and slit (bottom object). b) The reference (top
left) and main arm reference (bottom). Note that this reference
image shows the defocussed reference.
The dark exposures were averaged and then subtracted from the other images
to remove the camera background and any hot or dead pixels. Once this was
done object identification was carried out using gaussian smoothing and then a
flood fill algorithm was applied to locate objects using joined pixels. Conditions
on the flooding algorithm were set to remove small objects such that only two
objects were identified in any frame. Once the objects were identified the flux
within that object on the actual image was calculated and stored.
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In order to measure the throughput of the photonic-dicer the reference im-
ages were averaged. The ratio of the flux in the main arm to that of the reference
arm was then taken for this average image. For each of the science images this
ratio was also taken and then divided by the reference image ratio. This is
shown in equation 6.1 where FS is the flux in the slit, FRS is the flux in the slit
reference, FR is the flux in the main arm of the averaged reference image and
FRR is the flux in the reference arm in the averaged reference image. This was
done for all of the science images taken.
T =
FSFRR
FRFSR
(6.1)
6.4.2 System Throughput
With the data reduction complete the throughput from the photonic-dicer for
each of the science images could be calculated. The values were 20 ± 2 %
for closed loop, 9% ± 2% for tip-tilt and 10.5% ± 2% for open loop. The
errors are calculated standard deviations and the results for individual frames
are plotted in figures 6.8 (b), 6.9 (b) and 6.10 (b) for closed loop, tip-tilt and
open loop respectively. To illustrate the varying atmospheric conditions the
averaged images are shown in figures 6.8 (a), 6.9 (a) and 6.10 (a). You can
see that the averaged tip-tilt image has a larger spot size than the open-loop
one. This means a lower flux coupled to the photonic-dicer, explaining the lower
throughput, despite the higher correction level.
The photonic-dicer throughput was also measured in the laboratory, using
monochromatic multimode laser light, in a manner similar to that described by
[67]. These laboratory measurements showed a maximum throughput of 66% ±
3% could be achieved for light in the 1320 nm to 1580 nm spectral region. This
is significantly higher than the on-sky values, though this light was coupled
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directly into the photonic-dicer using a multimode waveguide. This will be
discussed in the next section.
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Figure 6.8: CANARY using closed-loop correction. a) The aver-
aged frames from CANARY. The top is the re-imaged reference
and the bottom is the slit. b) Histogram of the flux for closed-loop
operation. The throughput is 20 ± 2 %.
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Figure 6.9: CANARY using tip-tilt correction. a) The averaged
frames from CANARY. b) Histogram of the flux for tip-tilt correc-
tion. The measured flux is 9% ± 2%.
6.4.3 PSF analysis
In the previous section there is a discrepancy of a factor of 2-3 between the
lab measurements and on-sky throughput. This is due to the different methods
used to measure the throughput. To quantify where the losses occurred the
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Figure 6.10: CANARY using open-loop correction. a) The aver-
aged frames from CANARY. b) Histogram of the flux for open-loop
correction.The measured flux is 10.5% ± 2%.
input needed to be examined. In the laboratory tests a multimode waveguide
was placed against the input facet of the photonic-dicer, ensuring as much light
coupled as possible. However in the on-sky experiment the photonic-dicer was
designed to couple to the FWHM of the PSF. Next we analyse the produced
images to calculate how much light had been coupled into the photonic-dicer.
To do this we need to know relative scaling between the reference and main
arms. The output from CANARY is approximately an F/11 beam, with has a
plate scale of 4.54 arcseconds mm−1. With the lenses in the experiment this
should have been converted to F/7.3 beam with a plate scale of 6.88 arcseconds
mm−1, meaning the photonic-dicer would have a spatial scale of ∼0.35 arcsec-
onds on-sky in each axis. However to check the system worked as designed the
magnification factor between the reference arm and the main arm was checked.
To do this the focussed reference images were averaged. The centre was
found for both the main arm reference and reference arm image. The encircled
energy was then calculated for both arms. This was normalised and then scaled
so that the two curves were overlaid. The image is shown is shown in figure 6.11
(a) and the rescaled encircled energy in figure 6.11 (b).
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Figure 6.11: The scaling between the main and reference arms.
a) The averaged reference from CANARY. The reference arm is
enclosed by the green box and the main arm by the red. b) The
rescaled encircled energy of the PSF, the reference arm is the solid
line and the main arm is the scattered data. Here the reference
arm is magnified by a factor of 2.8.
From figure 6.11 (b) you can see the best fit between the two arms occurs
at a magnification factor of 2.8, however according to the designs it should
have occurred at 3.29. This means the difference between the expected and
actual magnifications was 1.175. This could also have been a defocus term,
or other aberrations, though this would result in the shape of the enclosed
energy curve changing between the two PSFs, which does not appear to happen
except at the edges of the PSF. This could have occurred in one of three
places: in the reference arm, before the chip and after the chip. From the
measured positions and calculations in Zemax, changing the positions in the
reference arm by sensible amounts (∼ 5mm, when compared to images taken of
the system) produced negligible errors in the magnification, due to the long focal
length of the lenses. This was also true of moving the lenses after the photonic-
dicer, where moving both lenses by ∼ 5mm produced a maximum error in the
magnification of 1.05. This means the cause of error is the lenses that image
CANARY onto the photonic-dicer.
This means that during the tests the photonic-dicer was injected with a beam
CHAPTER 6. THE PHOTONIC-DICER 132
of F/6.2 giving a plate scale of 7.96 arcseconds mm−1, meaning the angular size
of the photonic-dicer was ∼0.405 arcseconds in each axis.
In order to quantify how much light was coupled into the photonic-dicer
the science images were averaged and the centre of the photonic-dicer located
from the averaged maximum in the reference arm. By taking the ensquared
energy from this location the fractional energy coupled to the photonic-dicer in
each image was calculated. This was compared to the calculated throughput
and the results are shown in figure 6.12. The figure shows a linear increase
in throughput with ensquared energy. This indicates that although there will
be some coupling effects due to the mismatch between the CANARY PSF and
the shape of the modes, the photonic-dicer still acts as a ’light-bucket’ over the
exposure time. This means to obtain the values of throughput for the photonic-
dicer (not including coupling losses) the ensquared energy can be divided by
the total throughput. A histogram of the photonic-dicer throughput for all AO
modes is shown in figure 6.13 and the averaged throughput is 57% ± 4%. These
results match well with the reported laboratory value, suggesting the methods
used to compare throughput are compatible once the coupling losses are taken
into account.
6.4.4 CANARY and spatial scaling
As shown in section 6.4.2 the improvement in throughput for the whole system
with full AO correction was a factor of two improvement over no correction.
This is a relatively low value for CANARY, which is designed to operate over
spatial sizes (∼ 100mas), rather than the large spatial size of the photonic-dicer
(∼ 400mas). In order to quantify how much light would have been coupled
to the photonic-dicer the ensquared energy was calculated for the different AO
modes at different spatial sizes. This is shown in figure 6.14. This shows the
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Figure 6.12: Throughput vs Ensquared Energy. The measured
throughput from the slit end of the photonic-dicer plotted against
the ensquared energy from the reference arm at 405 mas. This is
shown for the three AO-modes.
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Figure 6.13: Histogram of the photonic-dicer throughput for all AO
modes. This is the calculated throughput of the photonic-dicer, not
including coupling losses from CANARY.
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largest improvement in ensquared energy between the AO modes is at small
spatial sizes, however in this form it is difficult to quantify the improvement.
To make this quantification easier it can also be shown as a ratio of ensquared
energy with full and no AO correction over different spatial sizes. This is done
by dividing the two levels of correction and is shown in figure 6.15. In this case
the ensquared energy at the same angular size at the photonic-dicer shows a 2.3
times improvement (comparable to our previous results), but on the spatial sizes
CANARY is designed to operate it is closer to a 6 times improvement. It must
be noted that this relationship may show some variance over small timescales,
as although the modes within an area can be estimated by equation 2.38 the
actual mode coupling will depend upon the shape of the modes with the device
and the PSF from the telescope.
This is an interesting result for both technologies. Whilst both aim for the
smallest spatial sizes, resulting in few modes and a high relative throughput,
they are required to operate slightly outside of this. Future devices will need to
weigh up the cost of a high level AO system against the cost of detector pixels
for a large photonic-dicer, or accept a loss of throughput.
6.4.5 Slit Analysis
In order to make use of the photonic-dicer for the concepts described in chapter
5 the output slit must be as uniform as possible along its length. This must
be true of both the centring of the output along the slit and in terms of the
width. In the low-resolution AWG version of the IPS, if the slit is not straight or
varies in width this will result in losses when coupled to the AWG. In the high-
resolution version of the IPS any variation in the width or centring will result in a
degradation of spectral resolution (see chapter 2). Unlike the low resolution case
it may be possible to calibrate this out in any attached spectragraph. However
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Figure 6.14: The ensquared energy for averaged images at the
photonic-dicer input. Shown here for closed-loop (in blue) and
tip-tilt (in green). The red vertical line indicates the angular size
of our photonic-dicer.
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Figure 6.15: The ratio of ensquared energy for closed-loop and tip-
tilt AO-modes. Here the advatange of using AO correction over
small spatial sizes is shown. However as we increase the size of our
ensquared energy box the advantage disappears.
CHAPTER 6. THE PHOTONIC-DICER 138
this will almost certainly still result in a degradation of spectral resolution.
In order to analyse the uniformity of the slit along its length the centring was
first analysed. This was done by taking the average of the on-sky data for the
slit. A gaussian was fitted to each column of the slit, removing the far ends (see
figure 6.16 (a) and (b) for an example). A straight line was fitted through the
centre of the gaussians and the image rotated around this line to align the slit
with the pixels. The gaussians were fitted again and the variation in the centre
found, this is plotted in figure 6.17. This variation in centring is ∼15% of the
average fitted gaussian FWHM. This measurement was also repeated in the lab
(by David G. MacLachlan) where measurements showed centring variations of
14%, 16%, 12%, 14% and 13% of the average fitted Gaussian FWHM. This
would correspond to a ∼15% reduction in spectral resolution if attached to a
conventional spectrograph. No pattern could be found in the centring variation
and further work would need to be done reducing manufacturing errors. This
would be done by monitoring the system for drift during the writing process and
better controlling variables such as lab temperature. With this straightening
complete a final device could be produced.
Once the variation in centring for each column was identified it was then
removed. This meant all the fitted gaussians for the averaged slit were centred
around 0. This enabled analysis of an idealised straight slit with no manufac-
turing errors. The centres for each frame and column were plotted again and
still showed a residual movement in the centring (see figure 6.18). To check if
this was an effect of the camera, gaussians centred around 0 with the same noise
as the camera were produced (see figure 6.19 (a)). These had centres fitted and
the results of the model were found. These had a slightly narrower fit than the
data, although were for an idealised case (see figure 6.19 (b)).
The width of each gaussian was then analysed for each column in each image.
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Figure 6.16: The centring of the slit. (a) The colour map plot shows
a section of the slit, with the fitted centres of the gaussian for each
column (vertical) shown in red. (b) An example of the data for a
single column of the slit with the fitted gaussian overlaid.
It was found to vary by a maximum of ∼ 20% of the fitted gaussian FWHM (see
figure 6.20). Histograms were plotted for each frame (time) and each column
(position). The histograms showed very little variation in time and large varia-
tions in position. This indicates that the slit had different properties at different
points and differing mode field sizes possibly due to differing refractive indices.
These would need to be made equal in future devices. The same measurements
were also performed in the lab (by David G. MacLachlan) and showed width
variations of 16%, 14%, 18%, 20% and 18% of the average fitted Gaussian
FWHM, for 1320 nm, 1400 nm, 1500 nm, 1550 nm and 1580 nm respectively.
6.5 Conclusions
We have created a device which reformats the PSF from the telescope into
a long diffraction-limited slit. We call this device the photonic-dicer. It has
the potential to allow for a more stable spectrograph input for high resolution
spectroscopy, or provide a stable input for a photonic spectrograph. It was
designed to be matched to the FWHM of the CANARY AO system and was
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Figure 6.17: Histogram of the fitted centres of the slit. This shows
the fitted positions of the slit against pixel position. As shown by
the graph the variation is sub pixel, though definitely noticeable.
No pattern is found.
CHAPTER 6. THE PHOTONIC-DICER 141
0.10 0.05 0.00 0.05 0.10
pixel position
0
100
200
300
400
500
600
700
800
N
u
m
b
er
o
f
im
ag
es
Figure 6.18: The slit centring after removal of manufacturing er-
rors. A histogram of the data is shown in blue and a fitted gaussian
shown in red. The horizontal blue line is the full width half maxi-
mum.
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Figure 6.19: The modelling of the idealised slit. (a) The calculated
camera noise with the actual data shown in blue and the fit shown
in green. (b) The resulting histogram for the centring of the slit
and the modelling of the slit, note that this differs slightly from
6.18 due to differing bin sizes.
composed of 36 single mode waveguides arranged in a square configuration (6x6)
at the input and a rectangular (1x36) output. We designed and built it in the
Summer of 2013 and tested it on the WHT in September with the CANARY
AO system.
The on-sky experimental setup for the photonic-dicer showed a throughput
of 20 ± 2 % for closed loop, 9% ± 2% for tip-tilt and 10.5% ± 2% for open loop
AO modes respectively. The lower values for the tip-tilt mode were due to the
worse seeing conditions at the time, this increased the size of the PSF lowering
the amount of light coupled into the photonic-dicer. This was a factor of 2-3
lower than the throughput measured in the laboratory of 66% ± 3% and was
due to differing methods used to measure the throughput.
In order to determine the losses at each part of the system the reference
images were analysed. First the focussed reference image was analysed and the
relative magnification between the two experimental arms was calculated. This
was then used to work out the scaling of the reference images compared to the
slit images. The ensquared energy corresponding to the size of the input to the
CHAPTER 6. THE PHOTONIC-DICER 143
4.0 4.2 4.4 4.6 4.8 5.0 5.2
pixel number
0
100
200
300
400
500
600
700
n
u
m
b
er
Figure 6.20: The slit width (FWHM) of the fitted gaussian in pix-
els. Note the bimodal nature of the slit widths.This indicates that
the modes of the output slit tend to be two different sizes, with
variations in between, this bimodality would need to be removed
in a full device. Further analysis showed this as position dependent,
not time dependent. This indicates the modes are not varying with
time, which is very important for a stable spectrograph.
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dicer was calculated and showed that the total throughput increased linearly
with ensquared energy. This meant the throughput of the photonic-dicer could
be calculated as 57% ± 4%, when coupling losses were taken into account. This
closely matched the laboratory values for throughput.
The advantages of combining an AO system such as CANARY and a photonic-
dicer were then analysed. Both systems are optimised to work on smaller spatial
sizes, though this leads to losses as less light is coupled. Future instrumentation
will need to weigh up the need for throughput against the required complexity
(and hence cost) of an AO system or the number of modes in a photonic-dicer.
Finally the slit was analysed for uniformity along its length, both in terms of
centring and width. The centring was found to vary by ∼15% of the slit width
along its length. This manufacturing error will need to be removed from any
future devices. The width was found to vary by ∼20% of the slit width. This
variation was determined to be constant in time and varied with the position of
the slit. This will need to be investigated in future devices.
Chapter 7
Conclusions
This thesis has investigated the potential of the IPS and its components within
astronomical instrumentation. This was achieved through both modelling and
experiment. Here we provide a synopsis of the chapters, discuss the place of the
work within the field, and conclude with further possible areas of investigation.
7.1 Chapter Synopsis
In chapter 2 we introduced the basic theory of spectroscopy, detailing it for both
conventional astronomical instrumentation and photonic instrumentation. We
then described the devices and procedures required to connect the single mode
photonic instrumentation to a multimode telescope. Finally we described the
work that has already been done in the area of photonic spectroscopy. This
chapter is mostly based upon the work of others, though contains some original
work.
In chapter 3 we examined the application of Integrated Photonic Spectro-
graphs in astronomy and showed that a PL or reformatter is equivalent in func-
tion to an image slicer. We showed that as the telescope diameter increases, the
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size of an IPS must also increase (provided that the slit is not matched to the
diffraction-limit) due to the increase in number of modes in the field (equivalent
to the number of diffraction-limited slices). We also showed that the number
of modes in a field is independent of how the field is initially sampled (the size
of the sampling element (spaxel) has no effect on the total number of modes in
the field).
We modelled IPS instruments to compare them with conventional instru-
ments on large telescopes and found that they require 103-105 Arrayed Waveg-
uide Gratings (AWGs) or 103-104 replica spectrographs if bulk optics are used
for instruments on 8m and 30m telescopes. It should be noted that all of our
instruments sampled many spaxels and only one had AO. We found that fully-
photonic instruments were comparable in size to their conventional counterparts
but only if the AWG was close to the diffraction limit. The semi-photonic instru-
ments were found to be much larger, due to the redundancies of having multiple
spectrographs. We have also found that unless the input image is sampled near
the diffraction-limit, the number of component spectra in each spaxel is very
high, requiring large numbers of pixels in the detector array. This is equivalent
to oversampling the PSF and could also potentially increase detector noise in
the instrument.
To combat the problem of size we considered the effect of adding extra inputs
to the AWG to reduce the number of AWGs required. However the resulting
instrument was of the same size or larger. It also means that the problem of
oversampling in the linear case remains unsolved and potentially will be worse
since the spectra will need to have gaps between them to distinguish them.
We also examined other options for reducing the number of detector pixels
and/or AWGs and concluded that instruments of photonic construction may be
viable depending on the extent to which performance (including throughput,
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spectral resolution and spatial multiplex) can be traded against cost.
Even without these modifications or restrictions, we found there are some
areas where IPSs may offer a significant advantage. This includes spectroscopy
of objects near the diffraction-limit, e.g. single objects with high-order AO such
as in exoplanet studies. Another is low-resolution multiplexed spectroscopy
working in the few-mode limit.
In chapter 4 we used simplified models for both a conventional echelle model
and an AWG model to simulate the size and number of detector pixels of GNIRS
on Gemini. We then varied spectral resolution, telescope diameter, sample size
and FOV. Our results were presented in terms of the scale length (cube root of
the volume) of the instrument and the number of detector pixels the instrument
will require. Our findings suggested that photonic spectroscopy would be most
useful on small instruments with diffraction-limited seeing, or a small telescope.
We also showed that if high resolution devices could be produced they could
potentially be smaller than conventional instrumentation. We found that the
IPS instrument will be on the same magnitude in terms of size as a conventional
spectrograph, but will have more detector pixels if the input is not diffraction-
limited.
From this we examined which science cases put forward by the ASTRONET
[90] and ReSTAR reports [91] were near diffraction-limited, had a small FOV
and were in the near IR. We found that there are multiple cases for the devel-
opment of the IPS at both low and high spectral resolution. If an IPS could
be shown to be cheaper and more stable than a conventional spectrograph then
it could complement or replace certain types of instrumentation on existing
telescopes.
In chapter 5 we examined various design concepts for the IPS. We looked at
their relative strengths and weaknesses in terms of throughput, spectral resolu-
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tion, FSR, number of detector pixels required, the number of AWGs or spectro-
graphs required, the instrument size per spaxel and any briefly detailed potential
difficulties with manufacture. All of the concepts described here tradeoff with
the above metrics. As such the science case will determine which is most useful
within astronomy.
Due to the simplicity of manufacture and number of pixels, we identified
two preferred concepts. Our first preference was for the AWG with slit input as
it uses existing technologies and could potentially provide low resolution inte-
grated spectrographs, though with a limited FSR. This provides an integrated
and robust spectrograph, that could potentially take advantage of current tech-
nologies.The second is the long slit with a conventional spectrograph behind.
This would be a high resolution spectrograph and would take advantage of the
stability offered by using single mode technologies. It reduces pixel numbers
and is very similar to existing concepts. Both of these concepts require the
demonstration of an efficient lantern/slit reformatter.
Finally, we noted that there are areas including removal of the OH lines from
the IR spectrum [100] and astrocombs to increase stability [116] which we did
not explore, where photonic components could provide additional advantages.
These would also need to be considered in future science cases and instrument
designs.
In chapter 6 we created a device which reformats the PSF from the telescope
into a long diffraction-limited slit. We called this device the photonic-dicer. It
has the potential to allow for a more stable spectrograph input for high resolu-
tion spectroscopy, or to provide a stable input for a photonic spectrograph. It
was designed to be matched to the FWHM of the CANARY AO system and was
composed of 36 single mode waveguides arranged in a square configuration (6x6
SM waveguide) at the input and a rectangular (1x36 SM waveguide) output.
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We designed and built it in the Summer of 2013 and tested it on the WHT in
September with the CANARY AO system.
The on-sky experimental setup for the photonic-dicer showed a throughput
of 20 ± 2 % for closed loop, 9% ± 2% for tip-tilt and 10.5% ± 2% for open
loop AO modes respectively. The lower values for the tip-tilt mode were due to
the worse seeing conditions at the time. This was a factor of 2-3 lower than the
throughput measured in the laboratory of 66% ± 3% and was due to differing
methods used to measure the throughput.
In order to determine the losses at each part of the system the reference
images were analysed. First the focussed reference image was analysed and
the relative magnification between the two experimental arms was calculated.
This was then used to work out the scaling of the reference images compared
to the slit images. The ensquared energy corresponding to the size of the input
to the dicer was calculated and showed that the total throughput increased
linearly with ensquared energy. This shows that over the length of the exposures
the photonic-dicer acts as a ’light bucket’. This meant the throughput of the
photonic-dicer could be calculated as 57% ± 4% when coupling losses were taken
into account. This closely matches the laboratory values for throughput.
The advantages of combining an AO system such as CANARY and a photonic-
dicer were then analysed. Both systems are optimised to work on smaller spatial
sizes, though this leads to coupling losses as on smaller spatial sizes not all the
light is coupled. Future instrumentation will need to weigh up the need for
throughput against the required complexity (and hence cost) of the AO system
or the size of the photonic-dicer.
Finally the slit was analysed for uniformity along its length, both in terms of
centring and width. The centring was found to vary by ∼11% along its length.
This manufacturing error will need to be removed from any future devices. The
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width was found to vary by ∼10%. This variation was determined to be constant
in time and varied with the position of the slit.
7.2 This work within Astrophotonics
Since its inception the field of astrophotonics has rapidly expanded, The IPS
is one of many developments in the field. Whilst the IPS initially conceived in
part as a solution to the problems of spiralling costs and sizes faced by modern
astronomy, other advantages of working in the single mode regime have been
shown to exist. These include Fibre Bragg Grating (FBG) and the potential
for improved stability. The first generation of instruments showed various prin-
ciples worked (e.g. [117, 72, 3, 5, 8]), though with a lower performance than
conventional instrumentation. They were also not optimised for any particular
science cases.
As such astrophotonics is still trying to find its place within astronomy.
Whilst there is growing interest in the field, the precise areas where it could be
applied have until recently been relatively undefined. Small scale studies show-
ing the validity of using photonic components have been done [57], though they
were not considered in relation to conventional instrumentation. This thesis
contains the first quantitate comparison of the IPS with conventional instru-
mentation, basing its methodology on that developed in [76]. Further studies
such as this will be essential to understand which science cases astrophotonic
instruments could be applied to.
Now that the first generation of devices have proved the principles of us-
ing photonic instrumentation within astronomy, the second generation needs
to show it has the potential to compete with conventional instrumentation in
chosen arenas (e.g. [6, 8, 19, 104]). In particular the IPS needs to be redesigned
in order to compete both in terms of size and number of detector pixels (see
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chapter 5). Various designs have been proposed (e.g. [6, 105, 88]) and our
photonic-dicer (see chapter 6) sits in this generation of instrumentation. It is
an enabling component that has the potential to increase the stability of con-
ventional high resolution spectroscopy (other concepts include [88, 6]) or create
a mass producible low resolution integrated spectrograph. In addition its in-
tegration with the CANARY AO system is the first demonstration of its type
which is essential for any future IPS on a large telescope.
Future instrumentation will also require larger scale demonstrators or full
instrumentation suites and some of these are being trialled (e.g. [118]). This
will require larger investment. In particular if these technologies are to be used
on large telescopes, further testing on smaller telescopes is essential to proving
the viability in terms of costs and scalability.
7.3 Further Work
There are three main areas for future work from this thesis they are as follows:
Further comparative studies
The work detailed in chapter 3 and 4 could be expanded. In particular adding
in new types of instruments operating in different regimes (e.g. types of AO cor-
rection, space based) the new designs of instruments and creating costs metrics
for the instruments (such as those detailed in [57]).This could also be extended
to other types of instrumentation, such as the work in [119].
Further studies of the current photonic-dicer
There are still opportunities for further analysis of the data taken from the
on-sky run of the photonic-dicer. Areas include:
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• Further analysis of the PSF data from CANARY. In particular theoretical
calculations of how the PSF from CANARY couples to the modes of the
photonic-dicer in each frame taken. This would help with further under-
standing of how the instrument works and help improve future designs.
• CANARY stores additional data on the atmospheric conditions during
observations. This would be very useful for matching seeing in each frame
to the throughput of the device. This will require reconstruction of the
slopes data.
Future instrument design
The photonic-dicer detailed in chapter 6 showed promise as an image slicer,
however there were also areas for improvement.
• A future photonic-dicer can be further optimised. The design could be
improved through careful modelling of the transitions between the differing
sections of the photonic-dicer. This would allow the shortest lengths for
all transitions without suffering from bend-losses. This would make the
photonic-dicer shorter and increase its throughput. There is also potential
to increase mode coupling in the transitions by re-arranging the order of
the waveguides within the photonic-dicer. For more information see [120].
The manufacturing process of the photonic-dicer could also be improved.
This could be done by monitoring the uniformity along the length of the
slit and the refractive index of the waveguides. There is also potential for
other more transmissive glasses to be used.
• The coupling between the photonic-dicer and AO system could be opti-
mised. This could either be done by changing the shape of the input to
the photonic-dicer or by shaping the output of the AO system. Modelling
both the outputs that an AO system could make and the supported modes
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that differing photonic-dicer designs could support would potentially be
very useful here.
• There is great scope for a full instrumentation suite to be developed. As
stated in chapter 5 a photonic-dicer could feed either an AWG to produce
a low resolution output or a high resolution conventional spectrograph.
This would require design and development for both concepts. For the first
instrument an AWG would need to be developed with a high resolution,
such that it could be degraded by the input slit. The second instrument
would need to be stable to take full advantage of the stability in the
slit, this would require careful design work. The above would also test
the spectral response of the photonic-dicer, which so far has only been
measured in the laboratory.
• The photonic-dicer could also be used as a wavefront sensor by connecting
it to a linear detector array. This would potentially allow a very fast
readout time, increasing the precision of the wavefront measurement. This
would require the investigation of the spectral response of the photonic-
dicer and the matching between its input and output.
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Chapter 8
Appendicies
8.1 Spectral resolving power of the Thickened
AWG with slit input
Start with the equation for central wavelength in AWG
∆L =
λm
n
(8.1)
Where ∆L is the path difference between adjacent orders, λ is the wave-
length, m is the order and n is the refractive index. Setting ∆L to put λ0 in the
center (for the initial mode), the central wavelength in order m0 change due to
a different refractive index in a multimode AWG will be
∆λmode = λ1 − λ0 (8.2)
=
∆L0n1
m0
− ∆L0n0
m0
(8.3)
=
∆L0
m0
(n1 − n0) (8.4)
The equation for diffraction limited spectrograph is ∆λdiff = λ/(Nm).
Combining this with the equation for resolution R = λ/∆λ yields the degraded
resolution of the instrument
R =
λ
∆λmode + ∆λdiff
. (8.5)
take equation for ∆λmode and sub back in for ∆L yields
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∆λmode =
∆L
m0
(n1 − n0) (8.6)
=
λ0m0
n0m0
(n1 − n0) (8.7)
= λ0
(
n1
n0
− 1
)
(8.8)
So R now becomes
R =
λ0
λ0
mN + λ0
(
n1
n0
− 1
) (8.9)
=
1
1
mN +
n1
n0
− 1 (8.10)
so as m gets large the asymptotic R is
Rasym =
1
n1
n0
− 1 =
n0
n1 − n0 (8.11)
Note, normally as as m tends to infinity R tends to infinity, but here the
limit is the different effective indices of core modes.
